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1. INTRODUCTION 
This f i n a l  repor t  i s  submitted i n  compliance w i th  CDRL No. 2 o f  
contract NAS9-14842 and summarizes the resu l ts  o f  the Signal Design Study 
f o r  Shuttle/TDRSS Ku-Band Uplink. This study was conducted by the TRW 
Defense and Space Systems Group f o r  the Johnson Space Center o f  the National 
Aeronautics anti %ace Administration. The durat ion o f  the u p l i i k  study was 
9 months beginning 1 December 1975 and ending 1 September 197, 
The remainder o f  t h i s  in t roduct ion t o  the f i n a l  repor t  serves t o  
i d e n t i f y  the upl ink study tasks, the methodology employed i n  the accomplish- 
ment o f  these tasks, and the organization o f  t h i s  f i n a l  repor t  document. 
1.1 OBJECTIVES OF STUDY 
The objectives o f  the upl ink signal study were d i rected by the fol low- 
ing  task statements taken from the amended Statement o f  Work f o r  the Signal 
Design Study f o r  Shuttle/TDRSS Up1 ink. 
the  OhbLtut ha,dime asbociated wi th  .the 7VRSSIOhbLtm Ku-band 
Up&nk. 
tion6, ab bupplied by NASA, wkich appecvl hmonabbe and des&- 
a b l e  b W  be i d e d d i e d  and de&Lnitized. 
Any change6 to e x i s f i g  TDRSS pu~60/rmance bpecidica- 
Task 3 :  Uetaieed Design and Pmuneten OpaSnization. Pa6omance 
06 a d W e d  de6ign 0 6  t h e  PN d u p J ! e a d a ,  $he PSK c a m i m  
AynchonizLztion Loop, and t h e  bymbnl bgnchoniza.  
panametm ah& b e  identidied and op+’*Lized. 
W c d  
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1 .2 METHODOLOGY 
To the extent possible this f ina l  report investigates various al ter-  
rative approaches to the K-band Orbiter Receiver Design. I n  many cases 
a particular implementation i s  recomnended for i t s  comnonality w i t h  the 
S-band approach. This i s  for obvious reasons of low risk and associated 
cost. T h i s  i s  particularly true i n  the detailed design of Task 3 and i s  
reflected also i n  the parameters of the Orbiter Receiver Specification 
(Task 2 ) .  Apart from this consideration every effor t  was made during 
the study to  maintain an ''open mind" to the advantages o f  other techniques 
and to consider as  f a r  as  pdssible the ramifications of these techniques. 
1.3 ORGANIZATION OF FIhAL REPORT 
The introduction o f  the final report i s  followed by a summary of 
results and recommendations contained i n  Section 2 which i s  a concise 
overview of the basic conclusions achieved d u r i n g  the study. 
concludes w i t h  a l i s t  of sumnary recomnendations and rationale. 
Section 2 
Sections 3 through 5 t r e a t  i n  order: the assessment of u p l i n k  signal 
design (Task 1 ), the development 9f performance specifications (Task 2 ) .  
the detailed receiver design and parameter optimization (Task 3).  Per- 
formance evaluation of the downlink signal (Task 4 ) ,  and the analytical 
simulation of the three-channel down1 i n k  "interplex" signal (Task 5 )  is  
covered i n  Section 6. 
This final report contains two appendices which complement the analyti- 
cal aspects of Sections 5 and 6. Appendix A discusses the noncoherent AGC 
performance of the Ku-band Orbiter receiver. Appendix B t reats  intermodu- 





A sumnary of r e s u l t s  and recomnendaticns y i e l d s  a concise overview o f  
the basic conclusions achieved dur ing the TDRSS/Orbiter Upl ink Signal Design 
Study. Wherever possible, f igures  and tables i l l u s t r a t e  the major po ints  
o f  t h i s  summary section. 
An ana ly t i ca l  t oo l  f i n d i n g  cont inual  use dur ing the up l ink  study was 
the LINK computer s imulat ion program. Use o f  the program allowed a rea l -  
i s t i c  determination o f  b i t  e r r o r  r a t e  (BER) degradations f o r  the forward 
l i n k  (Task 1) and the various downlink modes (Tasks 4 and 5). A l l  o f  the 
resu l t i ng  Ku-band communication l i n k  power budgets are summarized i n  Figure 
2-1. Sources f o r  the various items i n  each budget r e f e r  t o  the Rockwell 
RFP and the TRW proposal , references [28] and [3] , respect ive ly .  
The up l ink  s ignal  design assessment incorporates the best estimates 
present ly ava i lab le  f o r  the ca l cu la t i on  o f  the Shuttle/TDRSS Ku-band up l ink  
power budget, Orb i te r  G/T, system noise temperature, and l i n k  margin f o r  
the revised up l ink  s ignal  (216 kbps PSK). These ca lcu la t ions  i nd i ca te  t h a t  
the overa l l  up l i nk  c i r c u i t  margin i s  approximately equal t o  the value o f  
G/T. U1 t imate resu l t s  are given parametr ica l ly  f o r  d i f f e r e n t  values o f  
RF l i n e  loss and f o r  two values of preamp gain and noise f i g u r e  t yp i ca l  
o f  those with and wi thout  a paramp. The basic conclusion o f  these ca lcu la-  
t ions  ind ica te  t h a t  the paramp i s  not  required t o  obta in  h igh  values o f  G/T. 
Error  correct ion coding, s i m i l a r l y ,  i s  no t  required. 
The forward l i n k  margin based on BER degradations from the referenced 
sources i s  8.5 d e .  
o f  the LINK computer program, the forward l i n k  margin increases from 8.5 
t o  10.3 dB. 
o f  a paramp preampl i f ier .  
Using the 2.4 dB BER degradation obtained by s imulat ion 
Note t h a t  these comfortable margins are obtained wi thout  use 
Return l i n k  Mode 1 margins are 19.2, 15.0, and 7.0 dB f o r  Channels 1, 
2, and 3 respect ive ly .  For a l l  the var iab le  b i t  r a t e  channels the highest 
b i t  r a t e  and lowest b i t  e r r o r  p r o b a b i l i t y  spec i f ied were used t o  determine 
worst-case margins. The margin on Channel 3 i s  s u f f i c i e n t l y  h igh (7.0 dB) 
so tha t  the data r a t e  could be increased from 50 Mbps t o  60 o r  70 Mbps w i th  
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adequate margin. A l te rna t ive ly ,  a 3.0 dB margin would be avai lab le wi thout  
the 4 dB coding gain r e s i l t i n g  from convolut ional coding. 
Return l i n k  Mode 2 margins vary from 8.9 t o  13.6 dB. The margin f o r  
some channels i s  determined hy the FM threshold margin o f  13.6 dB rathe:' 
than data margins. The t y p i c a l  s ignal  .'16 kbps PSK modulated on a 1.025 
MHz sinusoidal s igna l )  described i n  [28] Volume 11, Paragraph 70.2.3.3.3.2.1, 
was used i n  determining c - i r c u i t  margin f o r  the 8.5 MHz SCO channel o f  the 
two channel conf igurat ion.  
As expected, the revised signal  a l lows a great degree o f  commonality 
w i th  the S-band receiver.  Results (see Section 5.3) i n d i c a t e  t h a t  the same 
car%- ier  recovery/demodulator approach (Costas loop) y i e l d s  good performance, 
having a r e l a t i v e l y  f a s t  acqu is i t ion  time and low t rack ing  errors .  
A primary advantage o f  the revised up l ink  s ignal  (216 kbps PSK) i s  
t h a t  i t  allows the use o f  the SCTE NSP b i t  synchronizer wi thout modif ica- 
t i o n  for  the Ku-band Orb i te r  receiver  b i t  synchronizer. The times required 
f o r  b i t  synchronization f o r  the higher SNR value? i n  the Ku-band appl ica- 
t i o n  are we l l  w i t h i n  one second (see Section 5.4). 
Great ly improved performance o f  the PN despreader, t reated i n  d e t a i l  
i n  Section 5.2, was obtained f o r  the rev ised up l ink  s ignal  s t ructure.  Spe- 
c i f i c ;  Ily, the improvements are i n  the areas o f  a f a s t e r  code acquis i t ion,  
allowed by the lower dwell times, and b e t t e r  threshold i d e n t i f i c a t i o n  
between signal  plus noise and noise only. B r i e f  sumnaries o f  design and 
performance f o r  the despreader, c a r r i e r  recovery loop, and b i t  synchronizer 
are presented below. 
The requirements and capabi 1 i t i e s  o f  the Ku-band Orb i te r  receiver  
spread spectrum processor (SSP) are l i s t e d  i n  Figure 2-2a. 
The parameters having the most s i g n i f i c a n t  design impact on the 
despreader are required acqu is i t ion  time, IF frequency uncertainty,  code 
doppler, and the received s ignal  power. The optimum acqu is i t ion  bandwidth 
(w i th  no frequency uncer ta in t ies)  i s  approximately 70 percent o f  t i l e  n u l l -  
t o - n u l l  bandwidth o r  0.6 Mlr. Because o f  the large frequency uncer ta in t ies 
(1.1 MHz t o t a l ) ,  the required bandwidth f o r  a conventional decpreader 
would be 2.8 MHz r e s u l t i n g  i n  a much lower SNR than the 0.6 MHz bandwidth. 
2-5 
Sign i f i can t  improvements i n  both m r g i n  and acqu is i t i on  time r e s u l t  i f  the 
t o t a l  bandwidth i s  div ided i n  h a l f  w i t h  each f i l t e r  (1.7 MHz bandwidth) 
covering one h a l f  the frequency uncertainty (see Figure 2-2b). The acqu is i -  
t i o n  then consists o f  a check o f  a l l  code posi t ions with one f i l t e r  and then 
w i th  the other f i l t e r .  The f i l t e r s  are switched a f t e r  each complete search 
o f  a l l  code posit ions, i n  add i t i on  t o  f i l t e r  bandwidth changes. The code 
phase dwell times are reduced by a fac to r  o f  4 from SCTE; otherwise the 
W.CE spread spectrum processor (SSP) i s  i d e n t i c a l  t o  the SCTE SSP. 
Acquis i t ion time i s  l a r g e l y  determined by the code phase dwell t ime 
cons s tent  with the PD (0.99), and PFA and the C/No ava i lab le  f o r  a rqu is i -  
t i o n  A t  the lower l e v e l  f o r  36.6 dBW TDRS 
acqu s i t i o n  the fa l se  alarm r a t e  w i l l  be somewhat higher than 
only penalty r e s u l t i n g  from t h i s  higher fa lse  alarm r a t e  i s  t he  s l i g h t  
added time required for the despreader t o  r e j e c t  erroneous code locks. 
For the fa l se  alarm r a t e  provided, t h i s  time i s  n e g l i g i b l e  as discussed i n  
Section 5.2. Design po in t  carr ier- to-noise densi t ies are derived i n  Figure 
2-2c showing a t  l e a s t  a 3 dB margin. A p l o t  o f  al lowable dwell t ime versus 
PFA f o r  design values o f  C/No and detect ion p r o b a b i l i t y  i s  shown i n  Figure 
2-2d. A l l  s i g n i f i c a n t  losses and degradations are included. A dwell  t ime 
o f  155 usec has been chsen.  
quired a t  66.0 dB-Hz and four complete searches a t  C/No = 62.1 dB-Hz. 
Code acqu is i t i on  time i s  compdted f o r  an ove ra l l  99 percent p robab i l i t y ,  
w i th  s u f f i c i e n t  t ime al located f o r  the ac t i ve  code searcb plus time pena l t ies  
caused by f a l s e  alarms. Acqu is i t ion  times f o r  the design p o i n t  c a r r i e r - t o -  
noise densi t ies of Figure 2-2c are 1.6 and 7.2 seconds a t  66.0 and 62.1 
dB-Ht, respect ively.  
The PFA f o r  -102 dBm i s  
The 
For a PD = 0.99 one complete search i s  re-  
A f t e r  i nd i ca t i on  o f  code acquis i t ion,  the despreader switches t o  the 
t rack mode. During t rack ing the threshold i s  lowered t o  increase PD t o  
0.999999999 so tha t  the p r o b a b i l i t y  of loss o f  lock during a 1OC minute 
transmission i s  20.01. This approach a t  the 62.1 dB-Hz leve l  (which 
corresponds t o  minimum acqu is i t i on  TDRS EIRP o f  36.6 dBW) y i e l d s  a PD = 
0.999999999 ana a PFA = 10-l' f o r  each threshold check. 
The SSP has capab i l i t y  t o  obtain code sync a t  s i g n i f i c a n t l y  lower 
received signal  leve ls  than the abcve design points.  I t s  measured b i t  
e r r o r  r a t e  degradation i s  shown i n  Figure 2-2e. A l l oca t i on  o f  key design 
parameters for the KRCE despreader are given i n  Figure 2-2f. 
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The carr ier  recovery loop parameters are indicated i n  Figure 2-3a and 
the tradeoff between loop bandwidth and acquisition time is shown i n  Figure 
2-3b. T h i s  data shows that a loop bandwidth of a t  least  1 kHz is required 
if carr ier  acquisition is to  occur w i t h i n  a time that is short relative to 
the one minute specification for  total  acquisition. 
To reduce the carr ier  acquisition time, a 5 kHz loop bandwidth was 
500 kHz doppler,  500 kHz offset ,  110 kHz receiver local osci l la tor  
selected. 
factors: 
offset ,  and 200 kHz allowance for variation i n  sweep circuitry. 
The ~ 1 . 4  MHz sweep range was sized to  accMmodate the following 
The degradation due to  phase noise for the 5 kHz loop bandwidth is 
shown i n  Figure 2-3c. 
end thermal noise, that  due to  the VCXO, and the contribution of the VCO i n  
the indirect X15 multiplier. 
error ra te  a t  nominal TDRS EIRP due to phase j i t t e r ,  an additional 0.6 dB 
degradation is contributed by a s t a t i c  phase error of 17 degrees (current 
worst case SCTE estimate). This  is due to  phase sh i f t  differences i n  the 
signal paths to  the Costas loop and the wideband data demodulator. 
The phase j i t t e r  estimates ref lect  bcth the front 
In addition t o  the 0.1 dB degradation t o  b i t  
The KRCE b i t  synchronizer, identical to  the SCTE u n i t ,  has demonstrated 
the capability of eff ic ient  operation a t  low signal-to-noise ratios,  per- 
forming w i t h i n  0.5 dB of theoretical a t  the forward l i n k  data ra te  of 216 
kbps (Figure 2-4a). A suwnarj of requirements and capabili t ies is shown 
i n  Figure 2-4b. 
The key requirements for  the b i t  synchronizer are  a BER degradation of 
less than 1.0 dB and a capability of acquiring and tracking down to 0 dB 
signal-to-noise ratio.  These requirements are met by an all-digital  imple- 
mentation to obtain accurate and stable matched f i l t e r  detection and by 
employing a data transition tracking loop (DTTL) to  allow the b i t  sync t o  
operate a t  low values of signal-to-noise ratio.  
A sumnary of the design values is given i n  Figure 2-4c for  both acqui- 
Mean acquisition times are plotted in Figlrre 2-4d for s i t ion and tracking. 
various values of SNR parametrically w i t h  transition density. 
A t  the specified minimum of 0 dB SNR, the b i t  sync mean acquisition 
time i s  less than 0.7 seconds. For SNRs 5 dB below specification, acquisi- 
tion time is  only a few seconds and i s  relatively insensitive t o  transition 
density variations over a large range. 
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A PERFORMANCE AND DESIGN PARAMOERS 
LOOP BANDWIDTH 5 K H I  I 
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Figure 2-3. Carr ier  Recovery Loop Design 
and Performance Summary 
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The frame sync decoder acquires frame synchronization i n  an average 
of Y mil l iseconds ( four  and one h a l f  frame periods). Thus, i t  i s  c lear  
tC1: t the t o t a l  t ime for b i t  and frame sync acqu is i t ion  w i l l  be a few sec- 
aids, much less than the speci f ied 10 second maximum. The frame sync decoder 
senses data p o l a r i t y  and inver ts  the data i f  required. 
A complete Ku-Band Shut t le  Orb i ter  Receiver Speci f icat ion,  developed 
du. ing the Uplink Sicj.,al Design Study, comprises the bulk  o f  Section 4. 
A r i e f  l i s t  o f  TDRSS/Orbi t e r  spec i f i ca t ion  recomnendations together w i th  
thir ra t iona le  conclude Section 4. 
ambiguities i n  the choice o f  re tu rn  l i n k  center frequency and d e f i n i t i o n  
o f  the Mode 2 down1 i n k  signal. 
Speci f ic  recomnendations concern 
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3. ASSESSMENT OF UPLINK SIGNAL DESIGN (TASK 1 )  
Task 1 of the Signal  Design Study for Shuttle/TDASS Ku-Band U p l i n k  
is the assessment of the baseline design for  the TDRSS/Orbiter u p l i n k .  
Specifically Task 1 calls for the evaluation and assessment of the 
adequacy of the signal design approach chosen for the TDRSS/OrSiter u p l i n k .  
Critical functions and/or components associated w i t h  t l l e  base1 ine design 
are to be identified, and desicy alternatives developed for those areas 
considared h i g h  risk. This section docments the work perfomed d u r i n g  
the Ku-Band Upl ink  Sigcal Study i n  response to  the above task definition. 
3.1 UPLINK SIGNAL DESCRIPTION 
The unbalanced QPSK modulation signal originally baselined for the 
Ku-band u p l i n k  specified a maximum ciiannel rate of 3 Mcps (coded) for 
the in-phase channel, operating w i t h  80 percent of the available power, 
and 72 kbps i n  the quadrature channel w i t h  20 percent of the t o t a l  
power. 
quadriphase d a t a .  Code and carrier synchronization must f i r s t  be provided 
to demodulate the two orthogonal biphase data streams which make u p  the 
quadri phase si  gnal . 
must be f i l tered and sampled, and decisions must be made on the individual 
b i t s .  Quadri phase demodulation requi res the presence of a coherent 
carr ier  phase referencg. 
there i s  no carrier. component available to be tracked. A number of 
methods for performing the carrier recovery function were investigated 
early i n  this study and i n  related work a t  TR'rl. A satisfactory design 
solution was scoped as a relatively large-scale effor t  - particularly 
to obtain t r u l y  optimum performance for the variable h i g h  rate data 
channel. 
A requisite receiver must demodulate and detect this incoming 
Fol 1 owing demodul a t i  on, the baseband y t p u t s  
Providing such a reference i s  difficult  since 
The 72 kbps baseband data i s  forwarded directly from the QPSK 
demodulator t o  the S-band network signal processor. Bit synchronization 
o f  the 1 Mbps channel, however, must be performed i n  the Ku-band 
equipment. This i s  a non- t r iv iva l  function for  two reasons. First ,  a 
very low signal-to-noise ratio per channel sydol  i s  implied due t o  
the restricted TDRS E I R P  and the rate 1/3 convolutional encoding, 
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Second, the 3 Msps symbol ra te  i s  r e l a t i v e l y  high making more optimum 
performance d i f f i c u l t  t o  achieve i n  hardware sized w i th in  Orb i ter  
constraints. Thus, synhol synchronizer design and performance analysis 
would have been a major task o f  t h i s  study. 
F i n a l l y  there would have remained the problem o f  high rate syrnbol 
stream. This i s  d i f f i c u l t  only because the Orb i ter  constrains power 
and weight i n  the hardware. Total BER degradation o f  the decoder 
would take i n t o  account a number o f  small bu t  s ign i f i can t  e f fec ts  
a r i s i n g  from AGC action, c a r r i e r  i n s t a b i l i t y ,  and b i t  sync impact 
j i t t e r .  
Very ear ly  i n  the Ku-Band Uplink Signal Study a reevaluation by NASA 
o f  the variable, high-rate data channel l e d  t o  the rev is ion  of the TDRSS/ 
Orbi ter  Ku-band up l ink  s ignal  structure.  The var iable ( 1 Mbps) data 
channel was reduced t o  a f i xed  144 kbps and time-division-mu1 tiple-accessed 
w i th  the 72 kbps channel. Coding o f  the resu l tan t  216 kbps PSK waveform 
was, f o r  the purposes o f  t h i s  study, l e f t  as an open issue. I n  addit ion, 
the 'Y code r a t e  o f  the spread spectrum up l ink  was reduced from 14.5 Mega- 
chips, WC t3 11.234 Megachips/sec - the same as t h a t  used f o r  the SCTE. 
A comparison o f  the o r i g i n a l  and revised versions o f  the Ku-band up l ink  
signal i s  given i n  Table 3-1. 
The attendant advantages allowed by the upl ink s ignal  rev is ion  i n  the 
Orb i ter  receiver design i s  discussed b r i e f l y  i n  Section 3.5. The deta i led 
design and parameter opt imizat ion o f  the PN despreader, PSK c a r r i e r  syn- 
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3.2 CCIR POWER FLUX DENSITY 
A power flux density limitation a t  the earth's surface produced 
by emissions from any sa t e l l i t e ,  has been imposed by international 
agreement and i s  controlled by NASA specifications [l]. 
A t  Ku-band the power flux density a t  the earth 's  surface produced 
by emissions from a TDRS, for a l l  mthods of modulation, are n o t  t o  
exceed the fol 1 owing Val ues : 
a)  -152 dBW/m i n  any 4-kHz band for angles o f  arrival between 
0 and 5 degrees above the horizontal plane. 
b )  -152 + (0-5)/2 dBW/m in any 4-kHz band for angles 
of arrival Q ( i n  degrees) between 5 and 25 degrees 
above the horizontal plane. 
c )  -142 dBW/m in any 4-kHz band for angles of arri'lal 




The r e q u i r e d  minimum spread bandwidth i s  defined as t h a t  bandwidth 
required t o  meet these flux density restrictions, assuming the peak 
signal EIRP i s  distributed evenly over that  bandwidth.  
assumed t h a t  the flux density restrictions are met  i f  the RF bandwidth 
defined by the frequency separation between the f i r s t  nulls o f  the 
envelope of the transmitted spectrum equals the requi red minimum spread 
bandwidth.  
I t  can be 
The PN code used t o  spread the uplink signal has an autocorrelation 
g i  ven by 
(-l/P 
where p = period of the sequence (2047 chips) 
T ~ =  chip period (1/11.232~10 sec) 6 
and has a line power spectrum given by 
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I n  the present case the l i n e  spectrum o f  (3-2) may be approximated by 
the continuous power spect ra l  densi ty curve o f  Figure 3-1. The loss 
tabu la t ion  included i n  Figure 3-1 has proven useful  i n  est imat ing 
f i l t e r  band l im i t ing  degradations. The equivalent rectangular bandwidth 
of the f i l t e r  should be used t o  proper ly  estimate the loss  from Figure 
3-1. A s i m i l a r  spectrum plus hand l im i t ing  loss tab le  i s  provided 
Sn Fjgure 3-2 f o r  manchester code. 
Not? t h a t  the upl ink s ignal  rev i s ion  w i l l  impact the maximum 
EIRP allowable from the TDRS. A reduct ion i n  the PN spread spectrum 
code from 14.5 Megachips/sec t o  11.232 Megachips/sec impl ies t h a t  the 
TDRS EIRP must be reduced by 1.11 dBW t o  -48.0 dBW t o  maintain equivalent 
power f l u x  densi ty a t  the surface o f  the earth.  
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E, = SYMBOL ENERGY 

































27.88 26.65 25.52 
18.98 18.36 17.77 
13.91 13.51 13.12 
10.46 10.17 9.89 
7.93 7.71 7.51 
6.01 5.85 5.69 
4.54 4.41 4.29 
3.41 3.31 3.22 
2.55 2.48 2.40 
1.91 1.85 1.80 
1.44 1.41 1.37 
1.12 1.10 1.07 
0.92 0.90 0.89 
0.79 0.78 0.77 
'5.72 0.72 0.71 
0.69 0.69 0.69 
0.68 0.68 0.6d 
0.68 0.68 0.68 
0.68 0.68 0.68 
0.68 0.68 0.68 
0.68 0.68 0.68 
0.68 0.68 0.68 
0.67 0.67 0.67 
0.67 0.67 0.67 
0.66 0.65 0.65 
0.64 0.63 0.63 
0.61 0.60 0.60 
0.57 0.56 0.56 
0.52 0.52 0.51 






























































































34.51 32.51 30.77 29.25 
21.82 21.05 20.32 19.63 
15.68 15.21 14.76 14.33 
11.70 11.38 11.06 10.75 
8.86 8.61 8.38 8.15 
6.72 6.54 6.36 6.18 
5.09 4.94 4.81 4.67 
3.83 3.72 3.61 3.51 
2.86 2.78 2.70 2.62 
2.14 2.08 2.02 1.96 
1.61 1.57 1.52 1.48 
1.24 1.21 1.18 1.15 
0.99 0.97 0.95 0.93 
0.83 0.82 0.81 0.80 
0.74 0.74 0.73 0.73 
0.70 0.70 0.70 0.69 
0.68 0.68 0.68 0.68 
0.68 0.68 0.68 0.68 
0.68 0.68 0.68 0.68 
0.68 0.68 0.68 0.68 
0.68 0.68 0.68 0.68 
0.68 0.68 0.68 0.67 
0.67 0.67 0.67 0.67 
0.66 0.56 0.66 0.66 
0.65 0.64 0.64 0.64 
0.62 0.62 0.61 0.61 
0.58 0.58 0.57 0.57 
0.54 0.54 0.53 0.53 
0.50 0.49 0.49 0.48 
0.45 0.45 0.44 0.44 
o . 6 ~  0.68 0.68 0.68 
Figure 3-1. Tabulation o f  Loss (in dB) Versus One-sided 
Rectangular Bandwidth B/2 (l/TS H t )  for Binary, 
NRZ Spectrum Encoding (NEP) 
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E, - SYMBOL ENERGY 
Ts =SYMBOL DURATION 
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16.99 13.98 12.22 10.98 10.01 9.23 8.56 
7.04 6.63 6.27 5.93 5.62 5.34 5.07 4.82 
4.17 3.98 3.79 3.62 3.46 3.30 3.16 3.02 
2.64 2.52 2.41 2.31 2.21 2.11 2.02 1.94 
1.70 1.63 1.56 1.49 1.43 1.37 1.32 1.26 
1.11 1.07 1.03 0.99 0.95 0.91 0.88 0.85 
0.76 0.74 0.71 0.69 0.67 0.65 0.63 0.61 
0.57 0.55 0.54 0.53 0.52 0.51 0.50 0.59 
0.48 0.47 0.47 0.46 0.46 0.46 0.45 0.45 
0.45 0.45 0.45 0.45 0.44 0.44 0.44 0.44 
0.44 0.44 0.44 0.44 0.44 0.44 0.44 0.44 
0.44 0.44 0.44 0.44 0.44 0.44 0.43 0.43 
0.43 0.42 0.42 0.42 0.42 0.41 0.41 0.41 
0.40 0.39 0.39 0.38 0.38 0.38 0.37 0.37 
0.35 0.35 0.34 0.34 0.34 0.33 0.33 0.32 
0.31 0.31 0.30 0.30 0.29 0.29 0.29 0.28 
0.27 0.27 0.27 0.26 0.26 0.26 0.25 0.25 
0.24 0.24 0.24 0.24 0.24 0.24 0.23 0.23 
0.23 0.23 0.23 0.23 0.23 0.23 0.23 0.22 
0.22 0.22 0.22 0.22 0.22 0.22 0.22 0.22 
0.22 0.22 0.22 0.22 0.22 0.22 0.22 0.22 
0.22 0.22 0.22 0.22 0.22 0.22 0.22 0.22 
0.22 0.22 0.22 0.22 0.22 0.21 0.21 0.21 
0.21 0.21 0.21 0.21 0.20 0.20 0.20 0.20 
0.20 0.19 0.19 0.19 0.19 0.19 0.19 0.19 
0.18 0.18 0.18 0.18 0.18 0.17 0.17 0.17 
0.17 0.17 0.17 0.16 0.16 0.16 0.16 0.16 
0.16 0.16 0.16 0.15 0.15 0.15 0.15 0.15 
0.15 0.15 0.15 0.15 C.15 0.15 0.15 0.15 
0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 
































Figure 3-2. Tabulation o f  Loss ( i n  dB) Versus One-sided 
Rectangular Bandwidth B/2 (1 /T Hz) f o r  Binary, 
Eiphase Spectrum Encoding (NEPf 
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3.3 UPLINK POWER BUDGET 
CALCULATION OF SYSTEM NOISE TEMPERATURE, 
UPLINK POWER BUDGET, AND CIRCUIT MARGIN 
This section consists o f  a l ine-by- l ine  discussion o f  the upl ink 
power budget. F, b r i e f  der ivat ion together w i th  the per t inent  data 
source i s  given f o r  each item. 
0 TDRSS E IRP . . . . . 48.0 dBW 
The TDRSS E I R P  i s  based on a t ransmi t te r  power o f  0.87W (29.5 dBm), 
a transmission c i r c u i t  loss o f  2 dB, a transmit antenna gain o f  
52.0 dB, a 0.5 dB antenna po in t ing  e r r o r  loss, and a TDRSS s a t e l l i t e  
transponder loss o f  1 dB. (Turnaround Noise) 
Source(s): Reference [2] 
STDN No. 101.2, Rev. 2 (TDRS Users Gli’,!e) 
Section 3.2 
0 SPACE LOSS . . . . . 207.7 dB 
f, = 13.775 GHz; R = 22,786 naut ical  miles. The loss i s  calculated 
using 
Lspace = (‘147rR)‘ 
8 
x 10 = 0.021779# A =  
13.775 x l o9  HZ 
R = 22,786 x 1852 = 42199672M 
= 20 [ log  X - l o g  ( ~ T R ) ]  = -207.7 dB Lspace 
Source(s): Reference [2] 
Above Calculat ion 
0 RECEIVE ANTENNA LOSSES . . . . . . 0.2 dB 
This assumes antenna po in t ing  and po la r iza t ion  losses o f  0.1 dB 
and 0.1 dB, respectively. 
Source(s): Reference [3] 
0 TOTAL RECEIVED SIGNAL POWER . . . . -159.9 dBW 
(referenced t o  omni) 
Calculat ion - Sum o f  the above. 
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o R F  C I R C U I T  LOSSES (RECEIVER) . . . . 1.3 dB 
COIIPONENT 
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COUPLER (RCV TEST) 
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GATED SWITCH 
L I M I T E D  
WAVEGUIDE (18 I N )  
BP F 
WAVEGUIDE SWITCH 
WAVEGUIDE (WB ANT) 
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CARRIER-TO-!lOISE C/N . . . . .  76.5 dB-Hz 
0 
T h i s  i s  the received signal power (referenced t o  an omnidirectional 
antenna) = -129.9 dBm compared t o  Boltzmann's constant -198.6 dBm/ 
HZ - OK, p lus  G/T. 
0 BER DEGRADATION BUDGET (RECEIVER) . . . . .  4.2 dB 
Based on the following estimates: 
DESPREADER ..... 1.5 dB 
CARRIER REC/DEMOD ..... 0.7 dB 
BIT SYNCHRONIZER ..... 1.5 dB 
FILTER LOSSES ..... 0.5 dB 
Source(s): Reference [2] 
0 INFORMATION BIT RATE (216 kbps) . . 53.3 dB 
OSNR . . . . . . . . . . . . . . . .  19.0 dB 
0 THEORETICAL Eb/No REQUIRED FOR 
. . . . . . . . .  BER PSK (UNCODED) 10.5 dB 
. . . . . . . . . .  0 CIRCUIT MARGIN 8.5 dB 
[Note that  margin aG/T] 
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Table 3-2. Shuttle/TDRSS Up1 i n k  Power Budget 
FREQUENCY 
TDRS EIRP 
SPACE LOSS (22,336 nmi) 
RAIN/ATMOSPHERIC LOSS 
RECEIVE ANTENNA LOSSES 
RECEIVED CARRIER POWER 
(REFERENCED TO OMNI) 
ORBITER KU-BAND ANTENNA GAIN 
RECEIVER RF LOSSES, LRF 
ORBITER G/T 
BOLTZMANN S CONSTANT 
RECEIVED CARRiER POWER-TO 
NOISE DENSITY RATIO C/No 
BER DEGRADATION (ESTIMATE) 
INFORMATION BIT RATE (216 kbps) 
SNR 




















Table 3-2 shows a comfortable 8.5 dB margin without the use o f  a 
front-end paramp o r  error-correct ion coding. Section 3.3 w i l l  now 
invest igate the BER degradation more r e a l i s t i c a l l y  by using theI'L1iJK'' 
computer simulat ion program developed and successful ly appl ied by 
TRW on past programs - most recent ly on TDRSS. 
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3.4 COMPUTER SIMULATION OF UPLINK SIGNAL 
The in te rac t i on  o f  the various degradation sources af fect ing BER 
i n  a l i n k  wi th a complex modulation s t ruc tu re  l i m i t s  the usefulness o t  
conventional ana ly t i c  techniques. 
of BER degradations f o r  such l i n k s  TRW has developed a s imulat ion i n  
which time waveforms are successively d i s to r ted  by t rans fer  funct ions 
representing each s i g n i f i c a n t  d i s t o r t i o n  element i n  the channel. This 
s imulat ion has been run f o r  numerous l i n k s  w i t h  the resu l t i ng  BER deg- 
radat ion confirmed by BER measurements on high data r a t e  l i n k s  [4,51. 
Features o f  the s imulat ion include: 
I n  order t o  obta in  accurate estimates 
0 Allows performance evaluat ion o f  complex, f l ex ib - l e  models 
0 I s  p a r t i c u l a r l y  we l l -su i ted  f o r  evaluat ing the e f f e c t  o f  
each l i n k  component on the ove ra l l  transponder performance 
and i s o l a t i n g  major degradation cont r ibu tors  
0 Evaluates the  t rans ien t  response o f  the l i n k  a t  any po in t  
des i red. 
The TRW "LIRK" Simulation program was ddapted t o  determine s ignal  
degradation f o r  the Ku-band Shut t le  up1 ink .  The Westerp Union/TRW 
proposed TDRSS conf igurat ion was used i n  modeling the ground and TDRS 
por t ions o f  the l i n k ,  
3.4.1 Model Descr ipt ion 
Figure 3-3 i s  a basic system tha t  can be analyzed using "LINK". 
The program allows the user t o  speci fy  the type o f  i npu t  waveform (PSK, 
Manchester, o r  MSK), data rate,  and i n p u t  sequence parameters. 
sequences are maximal length s h i f t  reg i s te r  sequences o f  length 15, 31, 
o r  63 b i t s .  
worth), by speci fy ing phase and magnitude as power ser ies,  o r  by spec- 
i f y i n g  the amplitude and frequency o f  s inusoidal  phase and gain r i pp les .  
Ampl i f iers  are modeled as l i nea r ,  hard o r  s o f t  l i m i t e r s  o r  TWTA-type 
ampl i f iers ,  For TWTAs, the m p l i t u d e  response i s  f i t  a n a l y t i c a l l y  i n  
two por t ions - a l i n e a r  region and a cosine region. Phase s h i f t  through 
the device i s  represented by a constant AM-to-PM conversion fac to r ,  a 
truncated power ser ies o r  the Berman-Mahle model. The simulat ion also 
allows spec i f i ca t i on  o f  a rms phase noise and a rms b i t  sync j i t t e r .  
Input  














B i t  synchronization and phase r o t a t i o n  are  obtained by c o r r e l a t i n g  the 
s ignal  coming ou t  o f  the channel w i t h  an undistorted s igna l .  The b i t  
e r r o r  r a t e  i s  determined f o r  each b i t  i n  the sequence and then an avet-- 
age BER over a l l  b i t s  i n  each channel i s  calculated. The f i n a l  output 
i s  a tab le  of b i t  e r r o r  r a t e  and s igna l  degradation versus s igna l - to -  
noise r a t i o .  
system tail a lso  be obtained. 
P lo ts  o f  the  s igna l  waveform a t  various po in ts  i n  the 
A recent mod i f i ca t ion  t o  the  program simulates the  e f f e c t s  o f  a 
spread spectrum channel on the signal .  This i s  done by spreading two 
data b i t s  w i t h  a PN sequence, passing t h i s  s ignal  through the channel 
up t o  the despreader and then despreading the s igna l  by mu1 t i p l y i n g  by 
the PN sequence. The r e s u l t i n g  s ignal  i s  d i s to r ted  two b i t  sequence 
caused by the spreadi ng/despreading process. The resul  t i n g  d i s t o r t e d  
b i t s  are repeated u n t i l  a data sequence o f  31 b i t s  i s  obtained and t h i s  
s ignal  i s  then passed through the p a r t  o f  the channel a f t e r  the de- 
spreader. 
Figure 3-4 i s  a block diagram o f  the elements modeled i n  f o r  the 
simulat ion. 
The ground s ta t i on  and TDRS are  the models used f o r  the Western 
Union/TRW proposed TDRS system. The model f o r  the RF f r o n t  end, IF/AGC, 
Shut t le  spectrum despreader, demodul a t o r  c a r r i e r  recovery 1 oop and b i t  
synch rm i te r  were developed during t h i s  study w i t h  reference t o  [3]. 
3.4.2 Results o f  the Uplink Simulation 
The resu l t s  o f  the up l ink  computer s imulat ion may be qu ick l y  
stated. A t  the 
was observed by the computer model previously described i n  Section 3.4.1. 
BER design p o i n t  a t o t a l  BER degradation o f  2.4 dB 
By varying the value o f  each o f  the parameters i n  the simulat ion 
model i n d i v i d u a l l y  the s e n s i t i v i t y  o f  the forward l i n k  performance t o  
va r ia t i on  i n  tha t  parameter can be found. The r e s u l t s  o f  the parameter 
s e n s i t i v i t y  analysis f o r  the forward l i n k  are shown i n  Figure 3-5. 
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Figure 3-5. Parameter Sensitivity Analysis Results and BER 
Degradation Budget Summary for Forward Link 
w51e range were found to  have l i t t l e  effect on the overall link perfor- 
mance. Variations in demodulator phase noise over a large range produce 
variation i n  performance of less t h a n  0.3 dB which will n o t  have a sig- 
nificant impact on the link performance. 
In summary the previous estimate of receiver degradation of 
4 . 2  dB i s  high. 
the uplink power budget of Table 3-2 for a total uplink margin of 
10.3 dB. 
An additional 1.8 dB of link margin can be added t o  
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3.5 RECEIVER PERFORMANCE 
This brief section is a sumnary qualitative description tf the major 
effects on the despreader, carr ier  recovery loop, and b i t  synchronizer 
performance resulting from the uplink signal  revision. A detailed 
discussion of these components will follow i n  Section 5. 
3.5.1 RF Components 
The uplink signal design assessment incorporates the best estimates 
presently available for the calculation o f  the Shuttle/TDRSS Ku-band 
u p l i n k  power budget, Orbiter G/T, system noise temperature, and l i n k  
margin for the revised uplink signal (216 kbps PSK). These calculations 
indicate that the overall u p l i n k  c i rcui t  margin is approximately equal 
t o  the value o f  G/T. Ultimate results were obtained parametrically for  
different values of RF line loss and for two values of preamp gain and 
noise figure typical of those w i t h  and without a paramp. The basic 
conclusion of these calculations indicate that the paramp is not required 
to  obtain h i g h  values of G/T. Error correction coding, similarly, i s  
not required.  
3.5.2 PN Despreader 
Greatly improved performance of the PN despreader, treated i n  detail 
i n  Section 5.2, was obtained for the revised uplink s igna l  structure. 
Specifically, the improvements are i n  the areas of a fas ter  code 
acquisition, allowed by the lower dwell t ims,  and better threshold 
identification between signal plus noise and noise only. These results 
are given parametrically for d i f fe rmt  design values of C/No. 
3.5.3 Carrier Recovery Loop 
As expected, the revised signal aliows a great degree of commonality 
w i t h  the S-band receiver. Prelir,,Inary results (see Section 5.3) indicate 
t h a t  the same carrier recovery/demodulator approach (Costas 1 3 0 ~ )  yields 
good performance, h a v i n g  a relatively fast  acquisition time and low 
tracking error.. 
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3.5.4 -. B i t  Synchronizer 
A primary advantage o f  the revised upl ink s ignal  (216 kbps PSK) i s  
t h a t  i t  allows the use o f  the SCTE NSP b i t  synchronizer wi thout  
modi f icat ion f o r  the Ku-band o r b i t e r  receiver b i t  synchronizer. 
t ime required f o r  b i t  synchronization f o r  the higher SNR values i n  
the Ku-band appl icat ion i s  we1 1 w i t h i n  one second (see Section 5.4). 
The 
,REVERSE 'IF IH l5  PICE LEFT B L A N K ,  
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4. DEVELOPMENT OF PERFORMANCE SPEC1 FICATIONS 
(TASK 2) 
Task 2 o f  the Signal Design Study f o r  Shuttle/TDRSS Ku-Band Upl ink 
i s  the development o f  performance speci f icat ions.  Spec i f i ca l l y ,  Task 2 
c a l l s  f o r  the development o f  a de ta i led  se t  o f  RF and s ignal  processing 
performance spec i f i ca t ions  f o r  the Orb i te r  hardware associated w i th  the 
TDRSS/Orbiter Uplink. 
formance spec i f i ca t ions  are supplied by NASA, which appear reasonable and 
desirable, are t o  be recommended. 
I n  addi t ion,  any changes t o  e x i s t i n g  TDRSS per- 
Results o f  the Task 2 study e f f o r t  i s  documented i n  t h i s  section. 
The TDRSS/Orbi t e r  Ku-band up1 i n k  comnunication system requirements are 
reviewed and a de ta i led  Orb i te r  receiver  spec i f i ca t i on  i s  presented. 
Speci f icat ions r e l a t i n g  t o  the antenna acqu is i t i on  are excluded. 
1 i s t  o f  TDRSS performance spec i f i ca t i on  rev is ions  recomnended by t h i s  
study conclude t h i s  sect ion.  
A 
4.1 TDRSS/SHUTTLE KU-BAND UPLINK COMMUNICATION SYSTEM REQUIREMENTS 
The Ku-band receiver,  hereafter re fe r red  t o  as the receiver, must be 
capable o f  rece iv ing  a spread spectrum signal, removing the PN spreading 
code a t  I F  t o  produce a despread PSK s ignal  which i s  then demodulated t o  
y i e l d  output data channels o f  72 kbps and 144 kbps. 
contained herein describe a receiver  design which pi-ovides the above 
f unct i or s . 
The spec i f i ca t ions  
The spec i f i ca t ions  and design requirements i n  Section 5 i s  t he  culmi- 
nat ion o f  analyses and hardware t radeof f  studies which a r e  or iented towards 
the op t im iza t ion  of performance w i  t h  cos t -e f fec t i ve  hardware imp1 enentati on. 
The factors in f luenc ing  the receiver design are the receiver  requirements 
sumnarized i n  Table 4-1. These requirements are based on the best a v a i l -  
able knowledge o f  operat ional  and performance const ra in ts .  
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Table 4-1. Receiver Requirements 
~ ~~ ~ 
Input Frequency 
Input Bandwidth 
AGC Dynamic Range: 
On Orb i t  
Acquis i t ion 
I F  Frequency Uncertainty 
PN Code Modulation 
PN Code Rate 
PN Code Length 
PN Code Doppler 
Data Modulation 
Data Rate 
Primary Mode Link Acquis i t ion Time 
BER 
BER Degrada ti on 
13.775 GHt  
30 MHt  
-90 t o  -103 dBm 
-101 t o  -118 dBm 








NRZ - L PSK 
1 o-6 
4.2 SPECIFICATION OVERVIEW 
I n  the overa l l  receiver design program, the various analyses tasks 
and hardware implementation studies resul ted i n  a top leve l  block diagram 
o f  the receiver which incorporates f i v e  funct ional  modules as shown i n  
Figure 4-1. Specif ied design parameters f o r  each of these modes are 
contained i n  Section 4.3.3.1.2. 
The receiver spec i f i ca t ion  i s  organized i n t o  three basic sections, 
namely, scope, applicable documents, and requirenents. Scope, for t h i s  
program, refers t o  the "reason f o r  arld extent o f "  the document, appl icable 
documents are those references such as drawings, environmental spec i f i -  
cations, next leve l  specifications, parts requirements, etc., which are 
necessary for tbe design, fabrication, assembly, and t e s t  o f  the i t e m  being 
procured. This i s  general ly a "bo i lerp la te"  which out l ines the overa l l  
program requirements. For the procurement o f  a breadboard receiver, t h i s  




I n  the various module sections, the speci f icat ions augment those i n  the  
general receiver spec i f i ca t ions  and the i n te r face  are defined. 
t h i r d  sect ion contains a l l  per t inen t  in format ion r e l a t i v e  t o  e l e c t r i c a l  
performance, size, weight, and thermal conditions. 
The 
The rt .,u!rements sect ion i s  s t ructured t o  provide s u f f i c i e n t  de ta i led  
informat ion o f  the desired receiver  charac ter is t i cs  such tha t  a design 
may be implemented. 
4.3 include several parameters which cannot be determined from the in fo r -  
mation o f  Section 4.1, bu t  nevvtheless,  have been included f o r  complete- 
ness. 
performance, i n te r face  requirements, environmental conditions, and 
design and construction. 
Consequently, the requirements described i n  Section 
The requirements sect ion i s  d iv ided i n t o  four  broad categories of 
I n  t h i s  study program, there are several analyses and hardware imple- 
mentation study tasks which were performed t o  a r r i v e  a t  a candidate re -  
ceiver design. These include: 
0 Conf igurat ion Study - Long versus shor t  loop, s ing le  versus 
mu l t i p le  frequency conversion 
Frequency Plan - Spurious frequency generation detr imental  
t o  the operat ion of the receiver  
0 Gain D i s t r i b u t i o n  - Gain and noise f igure  a l l oca t i on  
0 Receiver In ter faces - Levels, con t ro l  
The module design requirements o f  Section 4.3.3.1.2 are predicated 
on the fo l low ing  assumptions. 
0 A 1  1 requirements and speci f icat ions represent beginning of 
l i f e  values and do no t  account f o r  measurement t3lerance. 
0 Gain and noise f igure a l loca t ions  generated e a r l i e r  and 
cur ren t ly  incorporated i n  the module spec i f i ca t ions  do 
no t  inc lude mismatch losses; i .e. , VSWR e f fec ts .  
0 Some minar impedanf : adjustment f o r  phase and/or amplitude 
compensation may be required f o r  the successful i n teg ra t i on  
~f %he modules. 
0 RF and dc connectors are t o  be speci f ied independently. 
0 EMC -equirements f o r  each module must be establ ished p r i o r  
t o  f i n a l i z i n g  the spec i f i ca t ion .  
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The packaging concept, though current ly  unspecified, may 
require modifications t o  the specif icat ions; i .e., addi t ional  
interconnect cables. 
4.3 RECEIVER REQUIREMENTS AND SPECIFICATIONS 
4.3.1 Scope 
This speci f icat ion defines the performance, design, cor,;truction, 
and tes t ing  requirements f o r  the Ku-Band Orb i ter  Receiver. 
4.3.2 :.ppl i cable Documents 
4.3.2.1 Government Documents 
The fol lowing government documents, o f  the exact issue shown, form 
a p a r t  o f  i h i s  spec i f icat ion t o  the extent spec i f ied herein. 
SPECIFICATIONS 














4.3.2.2 Nongovernment CGcuments 
The fol lowing nongovernment documents, of the exact iqsue shown, 
form a p a r t  o f  t h i s  Speci f icat ion t o  the extent spec i f ied herein. 
SPECIFICATIONS TBS 
DRAWINGS TBS 
4.3.3 Requi remen t s  
4.?.3.1 Performance 
The Ku-band receiver, hereafter re fer red t o  as the receiver, sha l l  
consist o f  RF devices and control  c i r c u i t s  necessary for: 
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1) Receiving a spread spectrum s ignal  
2) Removing the PN spreading code a t  I F  t o  produce a despread 
PSK s ignal  
3) Demodulating thePSK s ignal  t o  provide an output data 
stream o f  216 kbps. 
4.3.3.1.1 Functional Character ist ics 
4.3.3.1.1.1 RF Signal Character ist ics.  The receiver  s h a l l  perform u i i th in  
the l i m i t s  o f  t h i s  s p e c i f i c a t i o n  when RF s ignals  w i t h  charac ter is t i cs  
speci f ied herein are appl ied t o  the  i n p u t  connector. 
4.3.3.1.1.1.1 Frequency. The nominal RF s ignal  center frequency s h a l l  
be 13775 FHz w i t h  an uncertainty of +1 MHz maximum, which includes doppler 
frequency s h i f t .  
4.3.3.1.1.1.2 Level. The RF s ignal  power l e v e l  appl ied t o  the  i n p u t  con- 
nector s h a l l  be -90 t o  -118 dBm. 
4.3.3.1.1.1.3 Modulation. The RF s ignal  s h a l l  cons is t  of a data s ignal  
spread by a PN s ignal .  
4.3.3.1.1.1.3.1 - Data. The data s ignal  s h a l l  be Manchester 11, biphase L, 
216 kbps PSK. 
4.3.3.1.1.1.3.2 PN Signal. The PN spreading s ignal  s h a l l  cons is t  o f  a 
psuedo-noise code generated by an l l - s t a g e  maximum length s h i f t  r e g i s t e r  
generator. The PN code i s  NRZ-L, has a length of 2047 b i t s ,  and a r a t e  
of 11.232 Megachips/sec. 
4.3.3.1.1.2 G/T. The receiver  G/T s h a l l  be a minimum 4.6 dB/OK. 
4.3.3.1.1.3 Acquis i t ion.  RF s ignal  acqu is i t ion  f o r  the  designated center 
frequency +1 MHz s h a l l  be automatic. Allowance s h a l l  be made f o r  receiver  
LO v a r i a t i o n  not  t o  exceed t l O O  kHz. Phaselock s h a l l  occur t o  the center 
frequency; sideband, spurious, o r  i n t e r n a l  s ignal  lock s h a l l  no t  occur. 
4.3.3.1.1.3.1 Acquis i t ion Time and Probab i l i t y .  The receiver  s h a l l  
acquire data a f t e r  antenna acqu is i t ion  i n  one minute o r  less w i t h  a prob- 
a b i l i t y  o f  a t  l e a s t  0.99. The acqu is i t ion  time i s  defined as the sum 
t o t a l  of t ime required t o  achieve PN code acquis i t ion,  c a r r i e r  phaselock, 
and b i t  synchronization. 
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4.3.3.1.1.3.2 Code Acquis i t ion Time. The spectrum despreader s h a l l  
achieve PN code acqu is i t ion  w i t h  an average acqu is i t ion  time o f  10 seconds 
o r  less w i t h  a p r o b a b i l i t y  o f  acqu is i t ion  o f  a t  l e a s t  0.99 a t  a received 
s ignal  l e v e l  o f  -102 dBm. 
4.3.3.1.1.3-3 Acquis i t ioq Threshold. The receiver  s h a l l  be capable of 
acquir ing and phase t rack ing the RF s ignal  a t  the minimum s ignal  leve l  o f  
-118 dBm. Acquis i t ion threshold i s  defined as the minimum s ignal  leve l  
a t  which t i le receiver  w i l l  acquire the RF s ignal  and maintain lock.  
4.3.3.1.1.4 In-Lock Tracking. The receiver, a f t e r  acquir ing lock, s h a l l  
be capable o f  phase t rack ing and maintaining lock o f  PSK modulated s ignals  
w i t h  the charac ter is t i cs  described i n  Paragraph 4.3.3.1.1.1.3.1. 
4.3.3.1.1.4.1 Tracking Performance L imi t .  Tracking performance l i m i t  i s  
defined as the RF s ignal  leve l  below which phase t rack accuracy cannot be 
maintained t o  w i t h i n  the speci f ied phase variance. 
mance l i m i t  s h a l l  be -102 dBm. 
The t rack ing per for -  
4.3.3.1.1.4.2 Tracki ng Phase Error. 
specif ied condi t ion,  inc lud ing s t a t i c  and dynamic phase error,  s h a l l  no t  
exceed 7 degrees. The s t a t i c  phase e r r o r  s h a l l  n o t  exceed 17 degrees. 
4.3.3.1.1.5. Imaqe Rejection. The receiver  s h a l l  r e j e c t  image frequencies 
and i n t e r f e r i n g  s ignals t o  the extent spec i f ied herein. 
4.3.3.1.1.6 Received Siqnal Transients. The receiver  s h a l l  t o l e r a t e  re-  
ceived s ignal  t ransients (s ignal  dropout) o f  up t o  fBS msec i n  durat ion 
a f te r  data acqu is i t ion  occurring less than once per second. Autanatic 
s ignal  a c q u i s i t i c n  c i r c u i t s  s h a l l  not  be unabled by t h e  t rans ien t  condi t ion.  
4.3.3.1.1.7 Telemetry Outputs. The receiver  s h a l l  provide the fo l low ing  
t e l  erne t ry  output 5. 
The maximum phase e r r o r  under any 
4.3.3.1.1.7.1 Discrete Outputs. The receiver s h a l l  provide the fol lowing 
b i  leve l  telemetry s ignal  outputs. 
4.3.3.1.1.7.1.1 Code Synchronization. The receiver  s h a l l  provide a 'Itrue'' 
ind ica t ion  when PN code synchronization i s  achieved, and a " fa lse" i n d i -  
cat ion when the PN codes are not  synchronized. 
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4.3.3.1.1.7.1.2 Carrier Phaselock. The receiver shall provide a bilevel 
signal output indicating the status of receiver carrier tracking loop. 
The signal shali provide a "true" indication when phaselock i s  achieved 
and a "false" indicatior; when the loop is unlocked. 
4.3.3.1.1.7.2 Analog O u t p u t .  The receiver shall provide the following 
analog telemetry signal o u t p u t .  
4.3.3.1.1.7.2.1 AGC. The receiver shall provide an analog telemetry 
output whose amplitude is proportional t o  the total receive power. The 
output shall be derived from the AGC control voltage and shall have the 
fol 1 owing characteri s ti cs : 
a )  Output  voltage: 0 t o  5 volts 
b) Scale factor: 30 millivolts per dB of RF signal voltage change 
c) Scaling range: The output voltage shall be i n  the range 
specified i n  a) for i n p u t  power levels from -118 to  -90 dBm. 
4.3.3.1.1.8 Frequency Response. The receiver shall have an amplitude 
versus frequency response as follows. 
a )  1 dB bandwidth: 25 MHz 
b) Gain slope: 0.1 dB per MHz over a 25 MHz frequency band 
centered on the nominal center frequency. 
4.3.3.1.1.9 Phase Linearity. The departure from linear phase response 
shall not exceed 29 degrees over a 25 MHz frequency band centered on the 
nominal center frequoncy, as measured from the receiver i n p u t  connector 
to  the demodulator i n p u t .  
4.3.3.1.1.10 DC Power. The total  dc power input to the receiver shall 
be less t h a n  _c TBS watts. 
4.3.3.1.2 Desiqn Specifications. The receiver shall be designed to the 
additional requirements shown below. 
4.3.3.1.2.1 Ku-Band Downconverter. The Ku-band downconverter shall be in 
accordance with the design specifications given below. 
4.3.3.1.2.1.1 Performance. The Ku-band dawnconverter u n i t  sha l l  consist  
o f  a Ku-band mixer, I F  ampl i f ier ,  LO m u l t i p l i e r  chain, appropriate f i l t e r s ,  
and shielding fo r  the down-conversion o f  Ku-band signals t o  the I F  f r e -  
quency range. 
4.3.3.1.2.1.2 RF Signal Characterist ics. The u n i t  s h a l l  perform w i t h i n  
the l i m i t s  o f  t h i s  speci f icat ion fop RF signals wi th the character is t ics  
specif ied below applied t o  the i npu t  connector. 
4.3.3.1.2.1.2.1 Frequency. The nominal RF signal  center frequency sha l l  
be 13775 MHz. 
4.3.3.1.2.1.2.2 Level. The RF signal  power leve l  appl ied t o  the i n p u t  
connector sha l l  be -84 dBm t o  -104 dBm. 
4.3.3.1.2.1.2.3 Bandwidth. The RF bandwidth sha l l  be 30 MHz, centered 
on 13775 MHz. 
4.3.3.1.2.1.2.4 Modulation. The RF signal  s h a l l  consist  o f  an PSK data 
signal spread by a PN signal. 
4.3.3.1.2.1.3 Noise Figure. 
equal t o  6 dB re fe r red  t o  the f i r s t  mixer input. 
4.3.3.1.2.1.4 Gain. The u n i t  sha l l  have a net  RF t o  I F  conversim gain 
of 20 dB +, 1 dB. 
The u n i t  noise f i g u r e  s h a l l  be less than o r  
4.3.3.1.2.1.4.1 Gain Variat ion. The gain va r ia t i on  versus frequency over 
the speci f ied bandwidth s h a l l  not  exceed 20.5 dB referenced t o  the gain 
of Paragraph 4.2.3.1.2.1.4. 
4.3.3.1.2.1.4.2 Gain Slope. The maximum gain slope over the speci f ied 
bandwidth sha l l  not  exceed 0.02 dB per MHz. 
4.3.3.1.2.1.5 Gain CoaptP5sion. The output power a t  the 1.0 dB gain com- 
pression po in t  sha l l  be greater than 0 dBm. 
4.3.3.1.2.1.6 RF Input  VSWR. The RF inpu t  VSWR sha l l  not  exceed 1 . 2 : l .  
4.3.3.1.2.1.7 I F  Siqnal Characterist lcs 




4.3.3.1.2.1.7.2 Level. The output leve l  sha l l  be cmensura te  w i t h  the 
specif ied input leve l  and gain. 
4.3.3.1.2.1.8 Spurious Outputs. All  spurious outputs generated i n  the 
u n i t  w i th in  the speci f ied bandwidth sha l l  be greater than or  equal t o  50 
dB below the desired output f o r  a s ing le  c a r r i e r  appl ied a t  any frequency 
w i th in  the spe : i f ied bandwidth. Spurious outputs outside the speci f ied 
bandwidth sha l l  be greater than o r  equal t o  35 dB below the desired output 
s ignal  - 
4.3.3.1.2.1.9 Spurious Frequency Rejection. The u n i t  sha l l  provide the 
following re jec t i on  a t  the input  connector. 
4.3.3.1.2.1.9.1 LO Frequency Rejection. The u n i t  sha l l  provide 30 dB 
minimum of LO frequency re jec t ion .  
4.3.3.1.2.1.9.2 Image Frequency Rejection. The u n i t  s h a l l  provide 65 dB 
minimum o f  image frequency re jec t i on  inc lud ing d ip lexer  re jec t ion .  
4.3.3.1.2.1.9.3 Transmitter Frequency Rejection. The u n i t  s h a l l  provide 
70 dE! minimum o f  re jec t i on  a t  14908.5 MHz. 
4.3.3.1.2.1.10 LO Signal Characterist ics. The u n i t  sha l l  perform w i t h i n  
the l i m i t s  of t h i s  spec i f i ca t ion  when LO signals w i th  chwac te r i s t i cs  
specif ied herein are applied t o  the LO connector. 
4.3.3.1.2.1.10.1 Frequency. The nominal LO frequency sha l l  be 13469.12 
- t0.1 MHz. 
4.3.3.1.2.1.10.2 Level. The LO power leve l  applied t o  the LO connector 
sha l l  be 10 dBm +1 dB. 
4.3.3.1.2.1.10.3 Spurious Frequencies. Discrete spurious frequencies 
w i th in  - +15 MHz of the LO signal sha l l  be greater than 93 dBc. 
spurious frequencies sha l l  be greater than 50 dBc. 
4.3.3.1.2.1.11 DC Power. The t o t a l  dc power i n t o  the u n i t  sha l l  be less 
than - TBS watts. 
A l l  other 
4.3.3.1.2.2 Second Mixer/IF. The second mixer/IF sha l l  be i n  accordance 
w i th  the design speci f icat ions given below. 
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4.3.3.1.2.2.1 Performance. The second mixer/IF u n i t  sha l l  consist  o f  a 
mixer, AGC l eve l  control,  appropriate f i l t e r s ,  and shielding f o r  the down- 
conversion t o  the second I F .  
4.3.3.1.2.2.2 RF Siqnal Characterist ics. The u n i t  sha l l  perform w i t h i t i  
the l i m i t s  o f  t h i s  spec i f i ca t ion  fol. RF signals w i t h  the charac ter is t i cs  
speci f ied below applied t o  the input  connector. 
4.3.3.1.2.2.2.1 Frequency. The nominal RF s igndl  center frequency sha l l  
be 305.88 MHz. 
4.3.3.1.2.2.2.2 Bandwidth. The RF signal  s h a l l  occupy a 3 dB bandwidth 
o f  25 MHz, centered on 305.88 ‘1.1 MHz. 
4.3.5.1.2.2.2.3 Modulation. The RF signal  sha l l  consist  o f  an PSK data 
signal spread by a FN signal. 
4.3.3.1.2.2.3 I F  Siqnal Characterist- 
4.3.3.1.2.2.3.1 Frequency. The nominal output frequency sha l l  be 31 MHz. 
4.3.3.1.2.2.3.2 Bandwidth. The I F  bandwidth s h a l l  be 25 MHz, centered 
on 31 - +1.1 MHz including doppler and s t a t i c  frequency uncertainty. 
4.3.3.1.2.2.3.3 AGC Loop. The I F  s h a l l  incorporate AGC t o  maintain a 
constant +1 dB s ignal  plus noise power t o  the  despreader. The lGop sha l l  
have a maximum bandwidth o f  10 Hz. 
4.3.3.1.2.2.4 Spurious Outputs. A l l  spurious outputs generated i n  the u n i t  
w i th in  the speci f ied bandwidth sha l l  be greater than o r  equal t o  50 dB 
below the desired output for  a s ing le  c a r r i e r  appl ied a t  any frequency 
k ; i  t h i n  the speci f ied bandwidth. Spurious outputs outside the spec i f ied  
bandwidth sha l l  be greater than or  equal t o  35 dB below the desired out- 
pu t  signal. 
4.3.3.1.2.2.5 Spurious Frequency Rejection. The u n i t  sha l l  provide the 
fol lowing re jec t i on  a t  the i npu t  connector. 
4.3.3.1.2.2.5.1 LO Frequency Rejection. The u n i t  sha l l  provide 30 dB 
minimum o f  LO frequency re jec t ion .  
4.3.3.1.2.2.5.2 Image Frequency Rejection. The u n i t  sha l l  provide 65 dB 
minimum o f  image frequency reject ion.  
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4.3.3.1.2.2.6 LO Signal Character is t ics .  The u n i t  s h a l l  perform w i t h i n  
the l i m i t s  of t h i s  spec i f icat ion when LO signals w i th  character astics 
speci f ied herein are appl ied t o  the LO connector. 
4.3.3.1.2.2.6.1 Frequency. The nominal LO frequency sha l l  be 274.88 MHz. 
4.3.3.1.2.?.6.2 Level. 
sha l l  be 2 dBm 54 dB. 
4.3.3.1.2.2.6.3 Spurious Frequency. Discrete spurious frequencies w i t h i n  
+15 MHz o f  the LO signal s h a l l  be greater than 75 dBc. All  other spurious 
frequencies s h a l l  be greater than 50 dBc. 
The LO power l eve l  appl ied t o  the LO connector 
4.3.3.1.2.2.7 DC Power. Not applicable. 
4.3.3.1.2.3 PN Despreader. The PN despreader sha l l  be i n  accordance w i t h  
the design speci f icat ions given below. 
4.3.3.1.2.3.1 Performance. The PN despreader u n i t  s h a l l  consist  o f  RF 
and d i g i t a l  devices required t o  perform the operational and contro l  
functions necessary f o r  removing the PN code and produce the despread 
PSK signal. 
4.3.3.1.2.3.2 RF Signal Characterist ics. The u n i t  s h a l l  perform w i t h i n  
the l i m i t s  o f  t h i s  speci f icat ion f o r  RF signals w i th  character is t ics  
speci f ied below applied t o  the input connector. 
4.3.3.1.2.3.2.1 Frequency. The nominal center frequency s h a l l  be 31 MHz. 
4.3.3.1.2.3.2.2 Level. 
connector sha l l  be -15 dBm +1 dB. 
The RF signal  power l eve l  appl ied t o  the i n p u t  
4.3.3.1.2.3.2.3 Modulation. The RF signal  sha l l  consist  o f  a data s ignal  
spread by a PN s ignal  . 
4.3.3.1.2.3.2.? 1 Data. The data s ignal  s h a l l  be a noncoherent, unbalanced 
PSK charactel-;ted as speci f ied i n  Paragraph 4.3.3.1.1.1.3.1. 
4.3.3.1.2.3.2.3.2 PN Signal. Tbe PN spreading signal  s h a l l  be as speci f ied 
i n  Paragraph 4.3.3.1.1.1.3.2. 
4.3.3.1.2.3.2.4 Bandwidth. The nominal 1 dB bandwidth o f  the RF signal  
sha l l  b2 25 MHz. 
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4.3.3.1.2.3.3 Acquis i t ion.  Code acquis i t ion f o r  the designated center 
frequency k1.1 MHz s h a l l  be automatic. 
4.3.3.1.2.3.3.1 Acquis i t ion Time and Probab i l i t y .  The u n i t  s h a l l  achieve 
code synchronization i n  an average time o f  10 seconds o r  less w i t h  a prub- 
a b i l i t y  o f  a t  l e a s t  0.99. 
4.3.3.1.2.3.3.2 Acquis i t ion Threshold. The u n i t  s h a l l  be capable o f  
acquir ing and t rack ing the code f o r  an i npu t  signal-to-noise r a t i o  (SNR) 
of -5 dB. Acquis i t ion threshold i s  defined as the minimum SNQ a t  which 
the u n i t  w i l l  acquire and maintain code synchronizat ionat the design 
parameters given below. 
4.3.3.1.2.3.4 Signal Transients. The u n i t  s h a l l  t o le ra te  s ignal  t ran- 
s i e n t  (s ignal  dropouts) o f  up t o  
than once per second. Automatic code acqu is i t i on  c i r c u i t s  s h a l l  n o t  be 
enabled by the t rans ien t  condi t ion.  
4.3.3.1.2.3.5 Telemetry Output. The u n i t  s h a l l  provide a b i l e v e l  t e l e -  
metry s ignal  output i nd i ca t i ng  the  status o f  the code t rack ing loop. The 
u n i t  sha;l provide a ' ' true' ' i n d i c a t i o n  when PN code synchronization i s  
achieved, and a ''false" i n d i c a t i o n  when the PN codes are n o t  synchronized. 
msec i n  duration, occurr ing less 
4.3.3.1.2.3.6 Mode Logic. The u n i t  s h a l l  provide a d iscrete output 
i nd i ca t i ng  the status o f  the code t rack ing loop. 
a t rue  i nd i ca t i on  when PN code synchronization i s  achieved, and a " fa l se "  
i nd i ca t i on  when the codes are no t  synchronized. 
The u n i t  s h a l l  provide 
4.3.3.1.2.3.7 Output Character ist ics.  The u n i t  s h a l l  provide an output 
w i t h  the fo l lowing character is t ics .  
4.3.3.1.2.3.7.1 Frequency. The nominal center frequency s h a l l  be 31 MHz. 
4.3.3.1.2.3.7.2 Modulation. The output s ignal  s h a l l  cons is t  of an PSI( 
data s ignal  as speci f ied i n  Paragraph 4.3.3.1.1.1.3.1. 
4.3.3.1.2.3.7.3 Bandwidth. The RF bandwidth sha l l  be 12.5 $1.1 MHz. 
4.3.3.1.2.3.8 DC Pwer .  
- TBS watts. 
The t o t a l  dc power i npu t  t o  the u n i t  s h a l l  be 
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4.3.3.1.2.3.9 PN Despreader Design Parameters. The PN despreader shall  
be designed t o  have the following additional design characteristics. 
a) Acquisition loop bandwidth: 400 Hz 
b )  Tracking loop  bandwidth: 6 Hz 
c)  P u l l - i n  time: <- 20 msec 
d )  Damping factor: 0.707 
e) Tracking loop lac: 5 0.007 chip 
f) RMS tracking error: 0.04 chip 
g) BER degradation: 1 .5  dB. 
4.3.3.1.2.4 Carrier SyncjDemodulator. The carr ier  syncldemodulator shall 
be i n  accordance w i t h  the design specifications given below. 
4.3.3.1.2.4.1 Performance. The carr ier  recovery and frequency control 
u n i t  s5:?7 consist o f  RF devices and control c i rcui ts  necessary for: 
1) Recovering the carrier component of PSK signal 
2)  Providing a variable frequency source for  phasetracking o f  
the recovered carr ier  
3) 
4) Providing a phaselock indicator 
5) Demodulation of the 216 kbps PSK signal. 
Providing the reference source t o  the demodulator 
4.3.3.1.2.4.2 RF Siqnal Characteristics. The u n i t  shall perform w i t h i n  
the limits of the specification for  RF signals w i t h  the characteristics 
specified below applied to the input connector. 
4.3.3.1.2.4.2.1 Bandwidth. The nominal RF center frequency shall be 31 MHz. 
4.3.3.1.2.4.2.2 Level. The RF signal bandwidth applied t o  the u n i t  i n p u t  
shall be 12.5 MHz bandwidth centered on 31 +1.1 - M H t .  
4.3.3.1.2.4.2.3 Modulation. The RF signal shall consist of an PSK data 
signal w i t h  characteristics as specified i n  Paragraph 4.3.3.1.1.1.3.1. 
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4.3.3.1.2.4.3 Acquis i t ion.  RF s igna l  acqu is i t i on  f o r  the designated 
center frequency t l . 1  MHz sha l l  be automatic. Phaselock s h a l l  occur t o  
the center frequency; sideband, spurious, o r  i n t e r n a l  s igna l  lock s h a l l  
no t  occur. 
4.3.3.1.2.4.3.1 Acqu is i t ion  Time and Probab i l i t y .  The u n i t  s h a l l  achieve 
phaselock i n  an average t ime o f  TBS seconds o r  less w i t h  a p r o b a b i l i t y  
of a t  l e a s t  0.99. 
4.3.3.1.2.4.3.2 Acqu is i t ion  Threshold. The u n i t  s h a l l  be capable o f  
acquir ing and phasetracking the RF signal  a t  a signal-to-noise r a t i o  (SNR) 
o f  -3 dB, measured i n  a 12.5 MHz bandwidth. Acqu is i t ion  threshold i s  
defined as the minimum SNR a t  which the u n i t  w i l l  acquire the s ignal  and 
maintain the  lock i n  accordance w i t h i n  the  design speci f icat ions of 
Paragraph 4.3.3.1.2.4. 
4.3.3.1.2.4.4 In-Lock Tracking. The un i t ,  a f te r  acquir ing lock s h a l l  be 
capable o f  phasetracking and maintaining lock  o f  s ignals w i t h  the charac- 
t e r i s t i c s  described i n  Paragraph 4.3.3.1.2.4.2. 
4.3.3.1.2.4.4.1 Tracking Performance Limit .  Tracking performance l i m i t  
i s  defined as the  SNR below which phasetracking accuracy cannot be main- 
tained t o  w i t h i n  the required phase variance. The t rack ing  performance 
l i m i t  s h a l l  be -3 dB. 
4.3.3.1.2.4.4.2 Tracking Phase Error.  The maximum phase e r r o r  under any 
condi t ion speci f ied,  inc lud ing  s t a t i c  and rms dynamic phase error,  s h a l l  
n o t  exceed 24 degrees. 
4.3.3.1.2.4.5 Received Signal Transients. The u n i t  s h a l l  t o l e r a t e  signa! 
t ransients (s igna l  dropout) up t o  JBJ msec i n  duration, occurr ing less 
than once per second. Autanatic s ignal  acqu is i t i on  c i r c u i t s  s h a l l  no t  be 
enabled by the t rans ien t  condi t ion.  
4.3.3.1.2.4.6 Telemetry Outputs. The u n i t  s h a l l  provide the  fo l l ow ing  
telemetry outputs. 
4.3.3.1.2.4.6.1 Discrete Outputs. The rece iver  s h a l l  provide a b i l e v e l  
s ignal  output i nd i ca t i ng  the states of the c a r r i e r  t rack ing  loop. The 
signal sha l l  provide a ' ' t rue' '  i nd i ca t i on  when phaselock i s  achieved and 
a "false" i nd i ca t i on  when the loop i s  unlocked. 
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4.3.3.1.2.4.6.2 Analog Output. The u n i t  s h a l l  provide an analog telemetry 
output whose amplitude i s  proport ional t o  the signal power. The output 
sha l l  be derived from the AGC control voltage. 
4.3.3.1.2.4.7 Local Osc i l la to r .  The u n i t  sha l l  provide loca l  o s c i l l a t c r  
outputs f o r  the Ku-band downconverter and the UHF downconverter derived 
from the ca r r i e r  t rack ing  VCXO. 
a) Ku- band downconvertCr : 13469.12 FiHz 
b) UHF downconverter: 274.88 MHz 
4.3.3.1.2.4.8 Reference Osc i l la to r .  The u n i t  sha l l  provide a reference 
o s c i l l a t o r  output frequency o f  31 MHz. 
4.3.3.1.2.4.9 Signal Output. The u n i t  s h a l l  provide a data output o f  
216 kbps. 
4.3.3.1.2.4.10 DC Power. The t o t a l  dc power i npu t  t o  the u n i t  sha l l  be 
less than T& watts. 
4.3.3.1.2.4.11 
t i o n a l  requirements shown below. 
Design Parameters. The u n i t  sha l l  be designed t o  the addi- 
4.3.3.1.2.4.11.1 - VCO. The * ? i t  s h a l l  incorporate a VCXO which sha l l  be 
used t o  close the phaselock loop. The VCXO sha l l  have the  fol lowing 
characteris t i cs :  
a) Center frequency: 274.88 MHz 
b)  Stabi li ty: +2 PPM, t l  PPM goal 
c) Pu l l i ng  range: +40 PPM 
4.3.3.1.2.4.11.2 Carr ier  Tracking Phaselock Loop Parameters. The c a r r i e r  
tracking phaselock s h a l l  be designed t o  have the  fol lowing properties: 
a) Loop bandwidth: 5 kHt 
b)  Dynamic phase e r ro r :  <7 degrees r m s  
c) S t a t i c  phase er ro r :  <17 degrees 
d) Damping fac to r :  0.707 
e) Loop order: Second 
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f )  Loop conf igurat ion:  Costas 
g )  BER degradation: e1 dB 
4.3.3.1.2.5 B i t  Synchronizer. The b i t  synchronizer s h a l l  be i n  accor- 
dance w i t h  the design speci f icat ions given below. 
4.3.3.1.2.5.1 Performance. The b i t  synchronizer u n i t  s h a l l  cons is t  o f  
the analog and d i g i t a l  c i r c u i t r y  required t o  provide a b i  t-synchronized 
data stream o f  216 kbps w i t h  NRZ-L format and frame synchronization. 
4.3.3.1.2.5.2 Input  Signal Character ist ics.  The u n i t  s h a l l  perform w i t h i n  
the l i m i t s  o f  t h i s  speci f icat ion f o r  inCut s ignals having the fo l low ing  
character is t ics .  
a) Waveform: Manchester 11, biphase L 
b) Data r a t e :  216 kbps 
c )  Voltage amplitude: 100 mV tms (+20 dB, -8 dB) 
d) Terminating impedance: /1 n (210%) 
e) Signal terminat ion:  D i f f e r e n t i a l  d i r e c t  coupled 
- 
4.3.3.1.2.5.3 Outputs. The u n i t  s h a l l  provide the f o l l o w i n g  outputs. 
4.3.3.1.2.5.3.1 Data. The u n i t  s h a l l  provide bit-synchronized 216 kbps 
output 'ata i n  an NRZ-L format. 
4.3.3.1.2.5.3.2 Clock. 
coherent clock f o r  frame synchronization. 
The u n i t  s h a l l  provide as an output a phase 
4.3.3.1.2.5.3.3 Lock Status. 
t o  the  mode status contro l  board as an i n d i c a t i o n  o f  t h e  establishment 
o f  lock. 
The u n i t  s h a l l  provide a b i t  sync f l a g  
4.3.3.1.2.5.4 @C Power. 
be (7 watts. 
The t o t a l  dc power d iss ipated by the u n i t  s h a l l  
4.3.3.1.2.5.5 B i t  Synchronization Design Parameters. The b i t  synchronizer 
s h a l l  be designed t o  have the fo l low ing  addi t ional  design character is t ics .  
a) Threshold SNR: 0 dB 
b )  Nean ? c q u i s i t i o n  time: <1 sec ( inc lud ing  f r a m e  sync) 
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c) Loop bandwidth: 80 Hz, a t  Eb!No = 0 dB and a 50 percent t r a n s i t i o n  
densi ty  
d)  Sync j i t t e r :  <1 percent 
e) BER degradation: < l  dB 
4.3.3.2 In ter face Requirements 
4.3.3.2.1 RF Input Character ist ics.  The receiver  RF input  p o r t  s h a l l  
have the  fo l low ing  characer is t ics .  
a) Nominal inipedanie: 50 ohms - + l o  percent 
b )  Input  VSWR: 7.6 o r  b e t t e r  
c)  Source \!SWR: - TBS 
d) Protect ion:  The receiver  s h a l l  be s tab le  and s h a l l  no t  be 
damaged when operated w i t h  the  RF i n p u t  shor t  o f  open 
c i r c u i t e d  o r  w i t h  RF inpot  s ignal  leve ls  o f  5 aB. 
e) Iso la t ion :  The receiver input  p o r t  s h a l l  be i so la ted  from 
the t ransmi t ter  p o r t  such t h a t  the t ransmi t ter  t o  receiver  
frequency band i s o l a t i o n  i s  a minimum o f  TBS dB. 
4.3.3.3.2 Data Output. The receiver  s h a l l  prcv 
s ignals w i t h  the fo l lowit?g character is t ics .  
a) Signal type: Baseband data 
b) Data ra te :  216 kbps biphase-L 
c) Voltage l e v e l :  
de demodu a ted baseLand 
d) Output p g l a r i t y :  Binary zero (1,O); negative phase t r a n s i t i o r l  
( 0 , l ) ;  p o s i t i v e  phase t r a n s i t i o n  
e)  Output impedance: ohms - +10 percent 
f )  Termination: TBS -
Binary one 
4.3.3.2.3 Telemetry Interface. The receiver  s h a l l  provide telemetry 
output s ignals w i t h  the fo l low ing  character is t ics .  
4.3.3.2.3.1 Discrete Output. 
a) True s tate:  5 Volt5 - +1 v o l t  
b )  False s ta te :  0 v o l t  - +0.5 v o l t  
c )  Load impedance: - TBS ohms 
d) True current: - TBS t?a 
e) False current: - TBS ma 
f) Power o f f  impedance: TBS ohms 
g) Discretes per return:  - TBS 
4.3.3.2.3.2 ,.13g Output. 
a) Voltage range: 0 t o  plus 5 vo l ts  
b) Source impedance: LBF- ohms 
c) Load impedance: - TBS o h s  
d) Analogs per return:  TBS 
4.3.3.2.4 DC Power Interface. TBS 
4.3.3.2.5 Comnand Interface. TBS 
4.3.3.3 Environmental ConCi t ions 
4.3.3.3.1 Temperature. The receiver s h a l l  be designed t o  operate over 
the temperature range speci f i e d  herein. 
a) Deployed assembly: 
b) Electronic assembly: TBS 
4.3.3.4 Desiqn and Construction 
4.3.3.4.1 Dimensions. The receiver sha l l  be designed t o  the fol lowing 
form factor and dimensions. 
a) Deployed assembly: TBS 
b; Electronic assembly: E 
4.3.3.4.2 Weiqht. The receiver sha l l  be designed t o  the fol lowing 
weight. 
a) Deployiid assembly: E pounds maximum 
b) Electronic assembly: E pounds maximum 
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4.4 REVIEW OF TDRSS SPECIFICATION 
This sect ion i s  composed o f  a b r i e f  ser ies o f  comnents on the TDRSS 
Spec i f i ca t ion  [27]. These c m l e n t s  dre bas i ca l l y  concerned w i t h  
1) The compat ib i l i t y  of the TDRSS Speci f icat ion and the 
Ku-Band Shut t le  Comunicat ions Speci f icat ions taken 
from [2SJ 
2) Potent ia l  problem areas which in ter face w i t h  the 
Ku-band communi cat ion functions apparently uncon- 
t r o l  l ed  by speci f i cation. 
Obviously, the scope o f  the Cplink Signal Design Study precludes an 
exhaustive TCRSS/Orbi t e r  "systems" c r i t i q u e .  Extensive changes t o  
procurement spec i f i ca t ions  would probably, i n  fact, be inappropr iate 
a t  t h i s  time. Therefore, the rev is ions r e c m m d e d  by the study are 
l i m i t e d  t o  the  very b r i e f  l i s t  presented i n  the  remainder of t h i s  section. 
4.4.1 Return L i  r?k Frequency 
According t o  the Orbi ;a- communications spec i f i ca t i on  (Reference [28]) 
However, the TDRSS spec i f i ca t ion  (Reference [27]) i n  Table 2-2, page 
2aragraph 3.2.1.2.3.2, the re tu rn  l i n k  center frequency should be 15.0085 
GHz. 
7 urlder "Return Link Signal Parameters" shows the c a r r i e r  frequency fo r  
KSA users t o  be equal t o  the forward l i n k  frequency times the r a t i o  
1600/1469, 
13.775 GHz X 1600/1469 = 15.0034 GHz 
I t  i s ,  therefore, recomnended tha t  the TDRSS spec i f i ca t ion  be changed t o  
show a 5.1 Wz increase i n  the re tu rn  l i n k  c a r r i e r  frequency. 
4.4.2 Def in i t ion  o f  Mode 2 Return L ink 
Speci f icat ions [27] and [28] d i f f e r  i n  three respects i n  the d e f i n i t i o n  
of the Mode 2 re tu rn  l i n k .  
8.5 MHz Subcarr- 
The TDRSS spec i f i ca t ion  [27] states, i n  Section 8.2.i.2, t h a t  the 
s ignal  format i n t o  the FM modulator s h a l l  be an analog modulated c a r r i e r  
and an 8.5 MHz QPSK modulated squarewave subcarr ier .  The Shut t le  Orb i te r  
spec i f i ca t ion  [ZS], under 2aragraph 3.2.1.2.3.4.2 t r e a t i n g  "Mode 2 
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Modulation," does no t  s ta te  t h a t  the 8.5 MHz subcarr ier  i s  squarewave. 
I t i s  noted tha t  the TRW proposal (Reference [3]) i n  response t o  [28] 
assumed a s inusoidal  subcarr ier .  
Channel 3 Data 
The Shut t le  Orb i te r  spec i f icat ion [28], under Paragraph 3.2.1.2.3.3 
t rea t ing  "Mode !lescription," states t h a t  "Channel 3 s h a l l  cons is t  o f  
4.5 megahertz TV, o r  up t o  4 Mbps d i g i t a l  NRZ format data, o r  4.5 mega- 
her tz  analog data o r  o ther  data t h a t  are compatible w i t h  the response 
charac ter is t i cs  o f  t h i s  channel .I' The TDRSS spec i f i ca t ion  [27] makes no 
prov is ion f o r  d i g i t a l  data i n  t h i s  channel. 
Two-Channel Conf igurat ion 
The Shut t le  Orb i te r  spec i f i ca t i on  [28], under Paragraph 3.2.1.2.3.3b 
states t h a t  the re tu rn  l i n k  Mode 2 may a lso cons is t  o f  "two channels 
o f  simultaneous data." No mention of t h i s  two-channel conf igurat ion i s  
found i n  the TDRSS spec i f i ca t ion  [27]. 
4.4.3 Forward Link TDRS EIRP 
I n  l i g h t  o f  the power f l u x  densi ty considerations o f  Section 3.2, i t  
i s  recmended t h a t  the TDRSS spec i f i ca t i on  [271 shw a maximum s ignal  
EIRP of 48 dBw i n  Table 2-3 ra ther  than a minimum o f  48.5 dBw. 
4.4.4 Reject ion o f  Shut t le  $-Band Harmonics 
A t  present no known appl icable spec i f i ca t i on  contro ls  the Ku-band 
Shut t le  Orb i te r  receiver  f i l t e r  r e j e c t i o n  of harmonic in ter ference from 
the SCTE. 
The 6th, 7th, and 8 th  harmonics o f  the  Shut t le  and payload S-band 
transmit  s ignals are po ten t i a l  in ter ference f o r  the Ku-receive band a t  
13775 - +120 MHz. 
required bands f o r  the 6th, 7th, and 8th harmonics t o  occur w i t h i n  the 
Ku-band receive band. 
Figure 4-2 shows the S-band transmit  bands and the 
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Figure 4-2. SCTE Generated In-Band Interference 
As evident from the f i gu re  only the 6th harmonic o f  s ignals i n  the 
2276-2300 MHz transmit band f a l l  i n  the Ku-receive band. The f c l l w i n g  
frequencies are, therefore, o f  in terest :  
XMT Signals S-Band Frequency 6th Harmonic a t  Ku-Band 
1) STDN/SGLS (Ch. 18) 2287.5 MHz 13725 MHz 
2) Payload-to-Shuttle XMT 2275-2300 MHz 13650-13800 MHz 
The two cases invest igated below [29] were based on the best i n f o r -  
mation avai lzb le  during the upl ink study time frame. 
tha t  SCTE interference re jec t i on  requirements be incorporated i n t o  the 
Ku-Band Shutt le Orb i ter  receiver speci f icat ion.  
I t  i s  recommended 
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Case 1: S-Band Transmitter Generates the 6th Harmonic. 
From Tables 4-2, 4-3, and 4--.. 
Maximum S-Band Transmitter Output Power: 51 dBm 
(TDRS Mode a t  2287.5 EHz) 
Transmitter 6 th Harmonic Spur Level 
Reject i on: 
-76 dB 
Preamp Assembly Diplexer Rejection: -115 dB 
Maximum Spur Level i n t o  S-Band Antenna: -140 dBm 
Estimated Quad Antenna Gai n ( Ku-Band) 10 dB 
Space Loss (20 Feet, 13775 MHz) -71 dB 
Maximum Ku-Band Receive Antenna Gain: 40 dB 
I 6th Harmonic Spur Level a t  Receiver -161 dBm (Negl i g i  b l  e) 
Case 2: Ku-Band Receive Mixer Generates 6th Harmonic and Result ing I F  Spur 
Maximum S-Band Transmitter Output Power: 
Estimated Quad Antenna Gain (S-Band): 
Ku-Band Antenna Gain a t  2287.5 MHz: 
51 dBm 
10 dB 
Space Loss (20 Feet, 2287.5 MHz): -55 dB 
e24  d6 
Received S-band signal  leve l  a t  
Ku-band waveguide feed assembly: +30 dBm 
Waveguide, BPF, and mixer re jec t i on  
a t  $-band t o  r e j e c t  6th harmonic t o  
20 dB below -106 dBm (minimum acqui- 








Shutt le Ku-Band 
Comm. (NASA 
Breadboard RFP) 
Shutt le S-Band 
Canm. ( Receiver 
Concept Review) 
Shutt le Ku-Band 
Despreader 
Receiver Design 
Shutt le S-Band 
CarUn. 
(Reference 
P 8 1 )  
) l e  4-2. Present F i l t e r  Requirf 
FILTER REQUIREMENTS 
3.2.8 Sianal Re.iection 
3.2.8.7 6 2 8 0  dB f o r  
signals appl ied 
t o  antenna p o r t  
signals appl ied t o  
antenna p o r t  
3.2.8.2 IF: 280 dB f o r  I F  
3.2.8.3 In te rna l  Spurs: 
Coherently re la ted  
s i  gna 1 s be 1 w 
acqu is i t ion  leve l  
(-110 dBm a t  
antenna po r t )  
3.2.8.4 AM Rejection: 
9 dB p-p AM a t  50 Hz 
sha l l  no t  make 
receiver perform 
out-of-spec 
3.1.1.6.1 Spurious Signal 
Reject i on 
Such t h a t  receiver 
performance degrad- 
a t i on  50.2 dB f o r  
signals up t o  -50 
dBm and greater than 
t40 MHz away from 
receive frequency 
below desired signal  
35 dB below desired 
s igna 1 
b)  Out-of-band spurs: 
Imaqe Rejection 265 di) 
Transmi t t e r  Frequency 
Rejection 270 dB a t  
14.9085 GHz 
10.3.2.1.2.1.4.1.5a. Image 
Rejection: >60 dB 
en t s  
For use i n  l abo ra toq  
environment. (Poten- 
t i a l l y  more severe 
than i n  space for 
spurious signal s)  
Apparently derived 
from signals being 
transmitted from a 
payload t o  the 
Shutt le a t  frequen- 
c ies  w i t h i n  the over- 






modu 1 e 
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Table 4-3. S-Band Shut t le  Diplexer/Triplexer 








FILTER REJECTION REQUIREMENTS 
1 dB a t  - t2.5 YHz 
-- 
20 dB a t  t17 MHz 
60 dB a t  550 MHz 
1 .2  dB a t  +2.5 MHz 






Table 4-4. K.nown In te r fe rence  S igna ls  (All  Modulated) 
ORIGIN 
S h u t t l e  Radar 
S h u t t l e  Corn 
Shu t t l e -  to-  
Pay1 oad 
Shu t t l e -  to-Ground 
Shut t 1 e- to-TDRq 
Shuttle-to-Ground 
FREQUENCY 























0 20 wa t t s  
1 kw 
(output  noise 
de term1 ned by 
gain ,  ~ 4 0  dB,
NF, %30 dB) 
0 30 wa t t s  
(no ise  a s  
above) 
0 7 wa t t s  max. 
( f o r  tri pl exer 
r e j e c t i o n  
Antenna gain 
unknown. XMTR 
spurious 85 dB 
bel ow c a r r i e r  
0 ( For tri pl exer 
r e j e c t i o n ,  
Hemi and quad 
antenna ga ins  
unknown 
Spurs: <-63dB 




<-lo dB 2nd 
<-20 dB 3rd 
<-76 dB>3rd 
0 15 wa t t s ,  
FM mode 
All  spurs: 
<-65 dB 
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5. DETAILED DESIGN AND PARAMETER OPTIMIZATION (TASK 3) 
Task 3 o f  the Signal Design Study fo r  Shuttle/TDRSS Ku-Band Uplink 
covers deta i led design and parameter optimization o f  a deta i led design o f  
the PN despreader, the PSK c a r r i e r  synchronization loop, and the symbol 
synchronizer. A l l  c r i t i c a l  parameters are t o  be i d e n t i f i e d  and optimized. 
This section documents the work performed during the Ku-Band Uplink Signal 
Study i n  response t o  the above task def in i t ion.  The noncoherent A6C 
analysis i s  presented i n  Appendix A. 
5.1 ORBITER RECEIVER BLOCK DIAGRAM 
Before proceeding t o  the analysis and deta i led design o f  t he  PN de- 
spreader, PSK c a r r i e r  synchronization loop, and the symbol synchroni t e r  
i t  i s  f i r s t  convenient t o  b r i e f l y  discuss an overal l  receiver conf igurat ion 
derived i n  the study and t o  i d e n t i f y  the operational u n i t s  of in terest .  
The receiver functions required t o  receive and convert the Ku-band 
upl ink signal i n t o  the two data streams of 72 and 128 kbps must be provided. 
These include 
0 Provision o f  adequate G/T 
0 Spread spectrum processing 
0 Provision o f  coherent demodulation references 
0 Provision o f  synchronous t iming f o r  matched f i l t e r  data detection 
0 Local corre la t ion w i t h  frame sync pattern, phase ambiguity 
resolution, and demultiplexing 
IC Data qua l i t y  screening. 
These functions are i l l u s t r a t e d  i n  the receiver block diagram o f  Figure 
5-1. 
A ?.8 dB recommended system G/T, 3.2 dB more than required, i s  provided 
by a 39.7 dB antenna, 6 dB receiver noise f i gu re  and 1.3 dB o f  c i r c u i t  
losses f o r  the autotrack conlparator, transmit receive i s o l a t i o n  diplexer, 
and signal pa*esence ca l i b ra t i on  components. Double downconversion t o  
31 MHz i s  used t o  obtain stable spur-free performance, as wel l  as cost 
e f fect ive design comnonality w i th  SCTE spread spectrum processing, Costas 
detection, and reference o s c i l l a t o r  equipment. 
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Spread spectrum processing i s  accomplished w i th  T M ' s  SCTE design 
w i th  only simple modif icat ions t o  the f i l t e r  bandwidths and acquis i t ion 
sequence made necessary by greater c a r r i e r  frequency uncertainty and 
shorter acquis i t ion time requirements. Synchronization o f  the loca l  and 
received PN codes i s  achieved by systematic corre la t ion w i th  each possible 
code phase u n t i l  the correct  phase i s  found. Posi t ive c a r r i e r  doppler i s  
assumed f o r  the f i r s t  search then negative doppler i f  the f i r s t  search i s  
unsuccessful. I f  nei ther  search i s  successful, the sequence i s  repeated 
u n t i l  acquis i t ion i s  accomplished. Synchronization i s  maintained by a 
standar.' timeshare ear ly- la te  t racking loop. The predetection f i  1 t e r  
bandwidth o f  t h i s  loop has been made wide enough t o  accomnodate the sub- 
sequent c a r r i e r  acquis i t ion frequency sweep. 
The received c a r r i e r  i s  made coherent w i th  the 31-MHz demodulator 
reference using a standard Costas loop t o  derive local  o s c i l l a t o r s  f o r  
the downconversions. Phase e r ro r  signals for  the VCXO are generated using 
TRW's SCTE design, again w i t h  only some modif icat ions t o  t rack ing loop 
bandwidth and acquis i t ion sweep ra te  made necessary by greater c a r r i e r  
frequency uncertainty and shorter acquis i t ion time requirements. A 
recent problem i d e n t i f i e d  on SCTE was fa lse lock on data sidebands. This 
resul ted from operating w i th  weak signals, a t  negative SNRs. The KRCE 
w i l l  not have t h i s  problem because the post-despreader SNR i s  several dB 
posi t ive.  Phase ambiguity i s  resolved i n  the frame synchronizer ,and, if 
necessary, an i nve r te r  i s  comnanded. 
TRW's SCTE b i t  synchronizer i s  d i r e c t l y  appl icable t o  synchronizing 
the demodulated biphase-L encoded 216 kbps data. This synchroni t e r  uses 
a data t rans i t i on  t racking loop (DTTL) which i s  essent ia l ly  a d i g i t a l  
version o f  a Costas loop. P r i o r  t o  synchronization, the demodulated data 
passes through a 2.16-Mz f i l t e r  selected t o  minimize noise and al iasing, 
i s  A/D converted a t  a 32-sample/bit ra te and fed t o  the DTTL. In tegrat ion 
i n te rva l s  are centered on o r  between symbol t rans i t ions corresponding t o  
the I or Q phase detectors o f  a Costas loop. The synchronfzer includes 
provisions t o  resolve b i t  o r  symbol t rans i t i on  ambiguities based on r e l a t i v e  
probabi l i t ies ,  and also contains a biphase-L t o  NRZ b i t  reconstruct c i r c u i t ,  
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Frame synchronization f o r  demult ip lexing i s  accomplished by b i t  
co r re la t i on  wi th the l oca l  32 -b i t  pat tern.  Greater than 29 o r  less than 
three agreements correspond t o  pos i t i ve  and negative co r re la t i on  and 
es tab l i sh  the frame time. Negative co r re la t i on  r e s u l t s  i n  the i nve r t  
comnand being sent t o  the b i t  svnchronizer. The data q u a l i t y  screening 
c i r c u i t  i s  based on simultaneous '1;tck detect ion ind ica t ions  from the 
Costas detector, b i t  synchronizer, frame synchronizer, and an enable from 
the contro! panel. 
The PN despreader, c a r r i e r  synchronization loop, and b i t  synchroni- 
za t ion  i s  now discussed i n  greater  d e t a i l .  
5.2 DESPREADER 
The evolut ion o f  a de ta i l ed  design f o r  the K-band Crb i te r  rece iver  
despreader i s  presented i n  t h i s  section. The key spec i f i ca t ions  used 
dur ing the study are stated and a general design approach i s  described. 
A groundwork o f  analysis leads t o  a systematic se lec t ion  o f  design 
parameters by means o f  an analysis-based computer program which allows 
the se lect ion of the per t inent  parameters f o r  optimum performance. 
a descr ip t ion  o f  the recomnended despreader implementation and assoc 
hardware completes the content o f  t h i s  sect ion.  
5.2.1 Basic Conf igurat ioc and Analysis - 
A t  the o f f s e t  ce r ta in  key speci f icat ions were used f o r  purposes 
i nal l y  
a ted 
o f  
t h i s  study. Every e f f o r t  was made t o  make these as r e a l i s t i c  as possible 
based on the best informat ion avai lab le.  These spec i f i ca t ions  are l i s t e d  
i n  Table 5-1. 
Because of the presence of data modulation a t  the i npu t  t o  the de- 
spreader, a noncoherent detect ion o f  Figure 5-2 i s  used f o r  t iming a l i gn -  
ment o f  the loca l  PN code. Aftel.  co r re la t i ng  w i t h  the l oca l  PN s ignal ,  
the received signal  i s  passed thlough an I F  bandpass f i l t e r  p r i o r  t o  the 
square-law device. The output of the square-law device i s  then in tegrated 
over time in te rva l  T. Since the signal  t o  i n teg ra to r  i s  bandl imited t o  
the I F  bandwidth B IF ,  the sampling theorem i s  appl ied t o  approximate the 
output o f  the in tegra tor  as the d isc re te  sum o f  M ('BIFT) samples. This 
in tegra tor  output i s  then used as a t e s t  s t a t i s t i c  o f  the acqu is i t i on  







Table 5-1. Key Specif icat ions f o r  K-Band Despreader 
PN CODE RATE 11.232 MEGACHIPS/SEC 
PN CODE LENGTH 
PN CODE MODULATION 
DATA RATE 
DATA NODULAT I OY 
PN CODE ACQUISITION 
TIME 
SPECIFIED SIGNAL LEVEL 
DETECTION P!!OBAB ILITY 










- +409 Hz 
, BIPHASE L 
I F  FREQUENCY - +i .o MHZ + RCVR LO VAR** 
UNCERTAINTY 
BER DEGRADATION - c1.5 dB 
* 
** Referred t o  34.6 dB; receive antenna. 
Receiver LO var ia t ion  is assumed t o  be ?lo0 kHt. 
i h e  object ive o f  the acquis i t ion strategy i s  t o  adjust the phase o f  
the l o c a l l y  generated code u n t i l  i t  approaches alignment w i t h  the phase o f  
the code on the reccived signal. A t  t h a t  time, the bandwidth o f  the spec- 
trum a t  po int  B narrows and more energy i s  allowed through the bandpass 
f i l t e r ,  thus producing a la rger  signal a t  the output -f the square l a w  
detector. When t h i s  occurs, the t p u t  o f  the lowpass f i l t e r  w i l l  i n -  
c r e t i e  i n  an exponential fashi:., 3b l t i1  i t  exceeds a threshold voltage, 
a t  which time the threshold detector t r iggers  and the system changes from 
the acquis i t ion mode t o  the code t rack ing mode. A t  t h a t  t ime the t rack ing 
loop pu l l s  the code generator i n t o  synchronization w i th  the code on the 
received signal. I f  the threshold detector i s  po t  t r iggered a f t e r  a 
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specified dwell tine, the acquisition logic shif ts  the phase of the PN 
code generator by a fraction of a chip and the process is repeated. 
Because of the channel noises, there exists some probability t h a t  the 
acquisition detector misses the in-sync charce and continues t o  search 
for the t i m i n g .  
the other hand,  d u r i n g  out-of-sync condi t ions,  the acquisition detector 
may falsely pronounce the in-sync because o f  the channel noises. 
case, called false alarm, should be minimized. 
This case, called missed detection, i s  undesirable. On 
This 
In a prcbabilistic sense, the output of the lowpass f i l t e r  has a 
probability d i s t r i b u t i o n  function t h a t  varies as a function of the degree 
of  correlation of the received and local PN codes. When the codes are 
not aligned, the voltage pdf a t  p o i n t  C i s  essentially gaussian. When the 
codes approach a1 ignment, the voltage a t  p o i n t  C will include a narrow- 
band phase-modulated s i g n a l ,  p l u s  a Saussian noise term generated by 
receiver noise and a fraction of uncorrelated signal. The square law 
detectoi- wi l l  respond to the phase modulated s i g n a l  as if  there were no 
phase reversals, i f  the s ignal  envelope is essentially undistorted by the 
bandpass f i l t e r  ( i . e . ,  i f  the BPF is wider than the s igna l  spectrum). 
Under these two conditions the square law detector o u t p u t  pdf a t  p o i n t  D 















P ( v )  = 7 e (5-2)  
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u i s  the standard deviation. o2 corresponds t o  the total noise 
power i n t o  the square law detector, which corresponds t o  the 
total energy i n p u t ,  less the energy i n  Lie correlated signal. 
Ps i s  the power in the undistorted signal 
Io i s  a modified Bessel function o f  the f i r s t  kind of zero order 
v i s  the envelope of the combined signal 
In  order t o  achieve reasonable probabilities of false alarm and of 
detection, a decision threshold must be established, as i l lustrated in 
Figure 5-3a such t h a t  the integrated areas under the two pdf's and above 
%he threshold i s  small for the noise alone case and large for the signal 











L SIGNAL + NOISE n 
4 5 6  t 3 ,  0 1  
Figure 5-3a. Probability-Density Functions 
for Noise Alone and for Signal- 
P1 us-lioise, I1 lus t r a t i  np the 
Process of Threshold Detection 
As a practical matter, i t  i s  necessary t o  provide additional f i l t e r -  
ing after the square law detector to  improve false alarm and detection 
probabilities. 
viewed as performing a f i l ter ing operation, or as providing integration 
gain. In the former context, the lowpass f i l t e r  reduces the time 
variations or ac  components a t  the o u t p u t  of  the square law detector. 
This is  equivalent t o  reducing o', and t o  peaking u p  and narrowing the 
Depending on one's point o f  view, the f i l t e r  can be 
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two d i s t r i b u t i o n s  about the mean value which i n  t u r n  i s  the steady s t a t e  
dc value. 
voltage response t o  a step change i n  the i n p u t  i s  an exponential ramp 
(corresponding t o  i n teg ra t i ng  a charge on a capaci tor) .  
lowpass f i l t e r  may be regarded as an in tegra tor  t h a t  improves SNR w i t h  
time. 
Inasmuch as lowpass f i l t e r s  have a time constant, t h e i r  output 
I n  t h j s  sense the 
Figure 5-3b i s  a p l o t  of the steady-state dc voltage a t  the output 
o f  the los9ass f i l t e r  as a func t ion  o f  p = T ~ / T ~  where T~ i s  the e r r o r  i n  
code a1 ignments. 
t i o n  due t o  thermal noise alone, u,, = k Teq B. 
The o rd i  m t e  i s  normal i zed w i t h  respect t o  the construc- 
I t  i s  assumed that :  
1) The receiver has an ideal  AGC system which maintains t o t a l  
energy i n t o  the despreader constant 
2) An idea l  PN code w i t h  no minor co r re la t i on  peaks 
3) Data modulation effects are minor, bu t  data and doppler band- 
widths are important 
4) The bandpass f i l t e r ' s  bandwidth i s  1.7 MHz w i t h  an i dea l  
response 
5) A l l  spectral  dens i t ies  near the center o f  the band are 
re1 a t i  ve ly  f l  a t .  
The sidelobe peaks evident i n  Figure 5-3b occur i f  p i s  an in teger  and 
are caused by the energy i n  the uncorrelated c a r r i e r  t h a t  passes through 
the bandpass f i l t e r  t o  the square-law detector. 
The despreader designer i s  required t o  es tab l i sh  a thre: r l d  vol tage 
f o r  the threshold detector which i s  used t o  i nd i ca te  t h a t  the received 
and l o c a l l y  generated codes are s u f f i c i e n t l y  close t o  alignment t h a t  the 
code t rack ing  I m p  can p u l l  i n .  
h igher than the peaks t h a t  occur when p i s  an in teger  o ther  than zero, and 
lower than the peak t h a t  occurs when p = 0. This seems t o  be reasonably 
straightforward fo r  any s ing le  value o f  s igna l  strength, C. 
ever, t h a t  i t  i s  not  possible t o  se lec t  a s ing le  voltage t h a t  i s  accept- 
able f o r  a l l  possible values o f  signal strength. Also, the r a t i o  o f  t he  
main peak t o  sidelobe peaks becomes very small f o r  the weaker s ignal  
approaching 1.60/1.10 = 1.455 a t  C = -98 dBm. Inasmuch as the threshold 
t r i g g e r  must cjperate r e l i a b l y  fo r  changes o f  vol tage w i t h i n  a few percent 
of the  threshold leve l ,  i t  would be desirable t o  improve t h i s  r a t i o  - a 
matter whfch w i  11 be discussed fu r ther .  
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Ffgur2 5-3b. Detector DC Output Voltage 
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5.2.1.1 Level Compensated Acquisition Subsys tern 
From the foregoing, i t  i s  desired t o  revise the acquisition strategy 
t o  permit setting a decision threshold for  the weak signal case t h a t  will 
not  cause a false trigger with a strong signal. 
malizing with a voltage proportional to the peaks of the sidelobes of 
the correlation function of Figure 5-3b. 
of Figure 5-3b, and corresponds t o  normalizing by the value of the side- 
lobe peaks. 
that i s  valid for a l l  signal levels, although i t  would be triggered sooner 
by the stronger signals. 
alignment, and the tracking loop wculd pull the local PN code generator 
into synchronism with the received code. 
The trick l ies  in nor- 
Figure 5-4 is based on the d a t a  
I t  i s  apparent t h a t  a single threshold can be established 
Even so,  p would be within one-half chip of 
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The r a t i o  o f  the peak o f  the co r re la t i on  curve t o  the peaks o f  the 
sidelobe can be improved by subtract ing a voltage from the output o f  the 
square law detector t ha t  equals the sidelobes peak. 
achieved w i t h  the c i r c u i t  o f  Figure 5-5 which samples the received signal  
ahead o f  the cor re la to r ,  generates a dc vol tage a t  the output o f  the 
lowpass f i l t e r ,  and subtracts i t  from the  lower lowpass f i l t e r  output 
before presenting a voltage t o  the threshold detector. The output o f  
the summing junc t i on  i s  always negative, except when I p I  < 1. 
This i s  e a s i l y  
The output o f  the upper channel i s  proport ional  t o  the  sidelobe peaks 
because these peaks correspond t o  m u l t i p l y i n g  the received signal  by a 
PN code whose crossings are i n  synchronism w i t h  the crossings o f  the 
received code, i .e.,  where p i s  an integer.  But t h i s  corresponds t o  
mu l t i p l y ing  by a 1, since the product of  a PN code w i t h  another code, 
o r  w i t h  a 1 y i e l d s  a s ignal  w i t h  equivalent spectra. 
equivalent t o  not mu l t i p l y ing  a t  a l l ,  as i l l u s t r a t e d  i n  Figure 5-5. A 
l eve l  se t  at tenuator i s  used, however, t o  compensate f o r  the  i n s e r t i o n  
loss o f  the balanced mixer ( co r re la to r ) .  
Mu l t i p l y ing  by 1 i s  
v BANDPASS + 






POWER -+ CORREIATOR 3 
DETECTOR SIGNAL DIVIDER 
+ 








D I SM I SSAL 
THRESHOLD R 





BEGIN TRACKING CODE + ] 
IF THRESHOLD EXCEEDED 
Figure 5-5. Block Elements o f  PN Code Acqu is i t ion  Strategy 
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Normalization i s  obtained by making the dismissal threshold propor- 
t i ona l  t o  the s ignal  l eve l  der ived frm the upper compensating chsnne?. 
Note t h a t  the dc vol tage f r o m  the  upper lowpass f i l t e r  would no t  
change w i t h  s ignal  strength i f  the receiver  has a per fec t  AGC. 
r e a l i t y ,  the upper channel simply provides a dc voltage t h a t  i s  propor- 
t i ona l  t o  the t o t a l  energy from the paver d i v i d e r  on the l e f t .  
as an ideal  receiver  AGC would keep the t o t a l  energy (s ignal  t noise) 
constant, the despreader c i r c u i t  has no way o f  knowing whether the SNR 
i s  high o r  low. Nevertheless, the p a r a l l e l  compensating c i r c u i t  i s  q u i t e  
useful i n  t h a t  i t  compensates f o r  an imperfect AGC which would a l low the 
t o t a l  energy t o  vary by 1 dB, o r  - +20 percent. Further, i t  provides a 
means o f  suppressing the voltage leve l  i n t o  the threshold detector t o  
improve the r a t i o  o f  maximum-ta-minimum voltage, and thereby t o  ease 
c i r c u i t  s e n s i t i v i t y  requirements. 
I n  
Inasmuch 
To evaluate the accuracy o f  the curves i n  Figures 5-3 and 5-4, a 
ser ies o4 laboratory  measurements were made using one PN generator t o  
simulate the data source, and a second PN generator t o  PN modulate the 
data. The second PN generator was hardwired through a con t ro l l ab le  delay 
t o  a balanced demodulator. The resu l t s  are shown i n  Figures 5-6 and 5-7. 
Data was taken f o r  three leve ls  o f  AGC performance, w i t h  var ia t ions  o f  
- +l dB. Figures 5-6b and 5-7b correspond t o  a -98 dBm s ignal  l eve l ,  and 
Figures 5-6c and 5-7c correspond t o  a -88 dBm s ignal  l eve l .  The reader 
w i l l  be able t o  compare resu l t s  by adding 1.0 t o  the ord inate o f  Figure 
5-7 and comparing with Figure 5-4. 
5.2.1.2 S t a t i s t i c a l  Character is t ics  o f  Signals f o r  Acqu is i t ion  Detection 
For evaluat ing the performance o f  an acqu is i t ion  detector, we sha l l  
examine the s t a t i s t i c a l  parameters o f  the output s ignals o f  the I F  band- 
pass f i l t e r  f o r  the in-sync and out-of-sync conditions. Let  the received 
signal  inpu t  t o  the despreader be represented by 
r ( t )  = P ( t )  d ( t )  sin(wIFt t 4 )  t n ( t )  (5- 5) 
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P, = the signal power 
P ( t )  = the PN sequence waveform of {+ll w i t h  code length M 
d ( t )  = Manchester coded message {+l} 
= I F  carrier frequency wI F 2rr 
-
4 = the carrier phase 
n ( t )  = bandpass Gaussian noise process with zero mean and spectral 
power density 
'" (Two-s i ded) 2- 
= nNc(t) cos(wIft+$) - f i N S ( t )  sin(wIFt+t$) 
N c ( t )  and N S ( t )  = low pass Gaussian noise processes w i c h  the same mean 
and spectral power density as n ( t )  
The correlating signal resulted from multiplying r ( t )  by the local 
PN sequence P ( t + t )  i s  
where 
C ( t , T )  = p ( t )  p(t+r) 
T = time misalignment from the received sequence 
This signal i s  f i l tered by the I F  bandpass f i l t e r .  Assuming t h a t  the 
da ta  bandwidth i s  smaller than the I F  bandwidth B I F  and t h a t  the da ta  
d ( t )  may be further neglected for the simplicity o f  analysis, one may ex- 
press the o u t p u t  of the I F  f i l t e r  as shown in Equation (5-7) .  
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where 
h r F ( t )  = the impulse response o f  the I F  f i l t e r  
* denotes the convolution operation 
One may examine the properties of y2 ( t )  from i t s  power spectrum: 
where 
S p ( w , f )  
Spn (d 
lSn(w)1* 
= the power spectrum of c(t ,T) 
= the power spectrum of p ( t )  
= the power spectrum of n ( t )  
for Io-wIFI < 8, 
el sewhere 
(Noise bandwidth)  
and 
HIF(W) = the transfer function of the IF  f l l t e r  
Here i t  has been assumed t h a t  the p ( t )  and n ( t )  are s ta t i s t ica l ly  
independent . 
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It i s  known tha t  the spectra o f  a PN code p ( t )  and i t s  co r re la t i ng  
signal P ( t )  P(t+T) f o r  a l a rge  code length can be approximately expressed 
as: [SI 




T = T i n  reduced modulo i n  (O,Tc) 
6 ( ~ )  = a de l ta  func t ion  
s i n  x s i t ic  x = -
X 
(5-96) 
Two condit ions - in-sync and out-of-sync w i l l  be discussed separately. 
F i r s t  f o r  T > T, the out-of-sync condit ion, the s ignal  c(t,T) remains 
a wide spread spectrum. The f i r s t  term i n  the expression (5-8) r o w s  t h a t  
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width o f  the I F  f i l t e r .  
t o  assume that,  f o r  the 
behaves l i k e  a bandpass 
fac t ,  one can show tha t  
2 equivalent var i  ance al 
tho modulated s igna l  c(t,T) sin(wIFt + e )  may be approximated as a 
no ise- l i ke  s ignal  s ince i t s  power spectrum, a frequency s h i f t e d  spectrum 
o f  c(t,T), i s  f i l t e r e d  by IHIF(w)I and remains near ly f l a t  i n  the band- 2 
I n  the sequel, i t  i s ,  therefore, reasonable 
out-of-sync condit ion, the f i r s t  term i n  y 2 ( t )  
Gaussian random process w i t h  a zero mean ( i n  
i t s  mean i s  propor t ima1 t o  G) and w i t h  an 
as dL: i ned by 
(5-13) 
( 5 - l l a )  
(5-1 1 b )  
% 
p = the normalized var iab le  o f  ?(= I) 
?C 
The value o f  the parameter 
F w  an idea l  I F  f i l t e r ,  i.e., HIF(w) = 1 fo r  I w - w ~ ~ I  < BIF and 0 else- 
where, the expression C1 and C2 can be s i m p l i f i e d  as 




Thus, we may conclude tha t ,  f o r  out-of-sync condi C 
can be approximately represented as a bandpass Gaussian random process 
and denoted by 
., the s ignal  y,It) 
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where Noc( t )  and Nos( t )  are two lowpass Gaussian random processes w i t h  
The sum o f  these two zero mean and with the same vr.*iance uNOC = uNOS. 
variances i s  
2 
where 
No BIF = the variance of  the channel noise. 
Here i s  has b H n  assumed 
1 
the variance o f  y,(t) as follows: 
' . &  the noise banbridth Bn i s  much la rge r  than 






(CNR)IF = the I F  signal-to-noise r a t i o  
- p, -- 
No ' IF 
This shows tha t  the valiance o f  the equivalent rando-: process yo(t) f o r  
the out-nf-sync i s  not  only a function of channel noises, but also a func- 
t i o n  o f  the I F  signal-tq-noise r a t i o ,  system parameters C1 and C2, and 
the pos i t ion of the t iming misalignment 0 .  Next, v.2 sha l l  examine the 
signal y2(t) f o r  th; 4-sync condition. .*,? indicated i n  Equation (5-9b), 
the signal c(t,T) Sftl(WIFt+e) ,,mists o f  WO types o f  components - one 
i n  spread and the C+',)er despread. The component w i th  spreading spectrum 
W i l l  also be t r e a k  as a pa r t  o f  nn!ses whi le the despread part ,  a 
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stream of de l ta  functions, i s  f i l t e r e d  by HIF(") so tha t  on ly  the dc 
component remains i n  the output o f  the I F  f i l t e r .  One may express the 
signal y 2 ( t )  f o r  the in-sync case as fol lows: 
yl(t) = &! (1-101) 5 sin(oIFt-e) + NI(t) (5-1 7) 
where 
p = the normalized time misalignment (L) 
e = phase angle o f  the despread signal 
l C  
NI(t) = aNIC(t) cos @ I F t  - JZNIs(t) s i n  WIFt (5-18) 
N I C W  
o r  f =  a lowpass Gavssian random process w i t h  zero mean and 
'IS(') variance q I / 2  2 
S i m i l a r l y ,  the variance uiI can be expressed as 
= N,BIF (1 + k2) 
( 5- 20) 
where 
The qaramter k p  i s  functions o f  I F  signal-to-noise r a t i o  andBtiminq mis- 
alignment p. I F  The signal yI(t) i s  also bandlimited t o  (uIF - 2 
B 
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The in-sync and out-of-sym signals, yI(t) and yo(t), formulated 
above, are inputted t o  the square law detector then integrated. Based 
on a t e s t  s t a t i s t i c ,  the output o f  the integrator,  the acquis i t ion 
detector decides whether the PN code i s  in-sync. Sampling approach w i l l  
be used f o r  the formulation o f  the t e s t  s t a t i s t i c  o f  the acquis i t ion 
detection. 
Final ly,  the t iminy misalignment p used i n  the above must be speci f ied 
f o r  the fo l lowing study. Here, we shal l  assume t h a t  the p f o r  the in- 
sync case i s  i n  average equal t o  ?, h a l f  o f  acquis i t ion steps adopted 
i n  the acquis i t ion scheme. The AC i s  t he  step s ize o f  the loca l  PN code 
t iming t o  advance (o r  t o  retard) whenever the acquis i t ion detection de- 
clares "out-of-sync." When the loca l  PN code i s  completely misaligned 
w i t h  the received code (out-of-sync case p > l), the corre la t ing signal 
remains i n  spread. Hence, i t  i s  t reated as a p a r t  of ncises. Although 
the amount o f  power contr ibuted by t h i s  spread signal depends on the 
r e l a t i v e  misalignment t o  the received signal, as indicated by (5-15), 
we shal l  consider t h i s  noise power i n  the worst case by assuming 2 = 0. 
E f f e c t  o f  Doppler 
As discussed previously, i t  i s  c lear tha t  the output o f  the in tegrator  
i s  proport ional t o  the t o t a l  signal and noise power passing through the 
I F  bandpass f i l t e r  w i t h i n  the in tegrat ion time (o r  dwell time). However, 
i n  the pract ica l  case, the r e l a t i v e  alignment o f  the loca l  and received 
codes does not remain constant throughout the dwell time, because o f  the 
doppler e f f e c t  on the received signal. Therefore, i t  i s  necessary t o  take 
i n t o  account the e f f e c t  o f  doppler slippage on the signal and noise power 
input t o  the integrator.  
For the out-of-sync case, no correct ion i s  needed t o  include the doppler 
e f fect  since the wor,t cas* was considered. However, f o r  the in-sync case, 
the factor IpI 2 i n  equation (5-21) must bz modified accordingly. 
Let  f,d be til .,appler code r a t e  and o0 be the i n i t i a l  misalignment 
a t  t=O, then thc var iat ior ,  o f  p ( t )  i s  
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2 2 2 When fcd'g, the factors (1 - j p l )  and p should be (1  - lp,l) and 
2, respect ively.  But, when fcd#O, the cor rec t ion  f a c t o r  f o r  the 
f a c t o r  (1  - j p I )  i s  2 
t 
Assume t h a t  the dwell t ime i s  so small t h a t  fcdTD i s  only a f r a c t i o n  
o f  pg. 
f i c u l  t i n  a1 ign ing the l o c a l  and recei  led codes. 
worst case consideration t h a t  the doppler code r a t e  f c d  i s  pos i t ive.  Then, 
I n  general t h i s  should be true, o themise  i t  wol;ld be very d i f -  
It i s  assuned f o r  the 
i n teg ra l ,  one has s u b s t i t u t i n g  p ( t )  i n t o  the 
S imi la r ly ,  one can compute 
(5-22) 
2 the cor rec t ion  f a c t o r  f o r  1 0 1  as fol lows: 
( 5- 23) 
I n  add i t ion  t o  the consideration o f  doppler ef fect ,  f i l t e r i n g  and 
c i r c u i t  loss p r i o r  t o  the &spreader Lc and I F  bandpass f i l t e r  loss Lf 
are also taken i n t o  account i n  the c.dluation o f  the operating character- 
i s t i c s  o f  the acqu is i t i on  detection. 
2 I n  sumnary, the system parameter uNI becomes 
( 5- 24) 
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During acquis i t ion the wprst-case predetection SYR i s  given by 
(5-25) 
where 
= a l l  c i r c u i t  losses p r i o r  t o  despreader Lc 
Lf = despreader BPF loss 
An in te res t i ng  r e s u l t  here i s  t h a t  the r a t i o  o f  out-of-sync noise 
power density No(OUT) t o  the in-sync noise power density No(IN) i s  always 
greater than uni ty.  The r a t i o  o f  the in- and out-of-phase noise densi t ies 
w i l l  be useful l a t e r  and i s  given by 
( 5- 26) 
5.2.1.3 Determining the h e l l  Time and the Threshold For PD and PFd 
The preceding section has reduced the synchroni tat i  #. problem t o  
one o f  deciding between the two hypotheses 
(5-27) 
H1: y ( t )  = (1 - l p l )  7 k ( t )  sin(oIFt++) + nIN(t) 
This, o f  course, i s  almost i den t i ca l  t o  the c lassic radar detection 
problem described by Marcum 171, except t h a t  the spectral densi t ies o f  
the two noises are di f ferent.  However, t h i s  d i f f i c u l t y  can be e a s i l y  
overcome. Marcun shows t h a t  a nearly optimum detector consists o f  a 
square-law device followed by a post-detection Sntegrator ( P D I )  and a 
threshold comparator. The output of the square-law device near dc i s  
proport ional to  the t o t a l  enerw i n  the input signal y ( t ) .  The PDI acts 
t o  increase the SNR o f  i t s  input by roughly Fc = BTD. The output o f  the 
PDI a f t e r  TD seconds i s  compared t o  a threshold which i s  chosen t o  meet 
the requirements on Pd and Pfa. 
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For large N, Marcum shows t h a t  the normalized threshold voltage 





Furthermore, the p a i r  N and e y i e l d  a p robab i l i t y  
sync pos i t ion equal t o  




( 5- 28) 
of f a l s e  alarm per 
(5-29) 
Equations (5-25), (5-26), (5-28), and (5-29) prov de the so lut ion t o  the 
detection problem. 
t o  detetmine X f r o m  (5-25). 
and then (5-29) gives a value f o r  Pfa. 
complete. Whemise, a larger  N i s  chosen and the process repeated 
i t e r a t i v e l y  by a computer program. 
5. '. 1.4 S e t t i  nq the Threshol d Vol taqe 
F i r s t ,  a value o f  N i s  chosen and TD = N/B i s  used 
Equation (5-28) then y ie lds a value f o r  e, 
I f  Pfa < the process i s  
Consider the channel rbown i n  Figure 5-8. This channel can be used 
t o  measure the out-of-sync noise power No(OUT) B, and thus can be used 
t o  set  the threshold voltage. The received spread signal r ( t )  i s  passed 
through a BPF and a square-law device i den t i ca l  t o  tha t  i n  the detection 
channel. The spectrum o f  t h i s  signal i s  wel l  known (See [SI), and the 
port ion o f  t h i s  spectrum i n  the frequency band (-B, B) i s  shown i n  Figure 
5-9. 
the output voltage w i l l  be nearly constant w i t h  magnitude equa. t o  the 
dc voltage, o r  
I f  t h i s  signal i s  passed through a narrow lowpass f i l t e r  (LPF), 
where NOUT i s  given by Equation (5-15) wi th  1;1 = 1 and the required 
threshold voltage i s  given by (5-28). 
Figure 5-8. Channel f o r  Sett ing Detection Threshold Voltage 
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Figure 5-9. Spectrum of Squared Noise About DC 
It i s  now necessary t o  determine a threshold value t o  assure tha t  
the system w i l l  s tay i n  lock during code tracking. The acqu is i t i on  
c i r c u i t  w i l l  continue t o  operate i n  the same fashion as before, bu t  w i t h  
the thrc ,hold voltage changed t o  ensure a reasonable p r o b a b i l i t y  o f  f a l se  
dismissal throughout the duration o f  one pass by each TDRSS s a t e l l i t e .  
The worst case w i l l  occur near the beginning o r  end o f  each pass when 
the signal  i s  weakest, thus the i n t e r v a l  between f a l s e  dismissals should 
be lol iger than the p a r t  o f  each pass when the signal  i s  weakest. 
The p r o b a b i l i t y  o f  f a l s e  dismissal i n  any Snte;*val T i s  given by 
where PDT i s  the p r o b a b i l i t y  o f  detect icn per t r i a l ,  and N i s  the number 
of dismissal opportuni t ies ,  given by T/TD. Rearranging , 1 eads t o  
T 
During the t rack ing  mode PDT 'IS se t  t o  0.99 f o r  a T = 100 minute i n t e r v a l  
by appropriate lowering of the threshold vol tage. 
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5.2.1.5 Tracking Analysis 
q(t! * 
A timeshared e a r l y  l a t e  t rack ing loop w i l l  be used i n  the despreader. 
I n  such a loop the incoming signal  i s  a l t e r n a t e l y  corre la ted w i t h  the e a r l y  
and l a t e  versions of the l o c a l  PN code and the e r r o r  s ignal  i s  obtained by 
a1 te rna te ly  i n v e r t i n g  the demodlilated cor re la t ion  s igna l  and lowpass 
f i l t e r i n g  the r e s u l t .  
The block diagram o f  the timeshared loop i s  shown i n  Figure 5-10. 
The received s ignal  i s  m u l t i p l i e d  by the l o c a l  code which i s  a l t e r n a t e l y  
obtained f r o m  an e a r l y  o r  l a t e  p o r t  o f  the PN code generator, i n  accord- 
ance w i t h  the b inary squarewave, q ( t ) .  The output o f  the square l a w  
detector w i l l  be amplitude-modulated if the code loop i s  not  i n  synchroni- 
zation. The output i s  product-detected, with the output of the product 
detector used an an e r r o r  s ignal  which i s  appl ied t o  the  VCO through the 




Figure 5-10. The Time-shared Early-Late Loop 
f o r  Tracking a PN Code 
PN vco 
GENERATOR CLOCK 
For the fo l lowing, the assumed signal parameters are summarized i n  
Table 5-1. Note tha t  the t rack ing  code doppler d i f f e r s  from the acqui- 
s i t i o n  doppler. 
declares sync, the code clock may be o f f s e t  by up t o  ~ 4 0 0  chips/sec, so 
the maximum doppler seen by the loop during acqu is i t ion  i s  2400 chips/sec. 




5.2.1.6 Linear Loop Analysis 
The mathematical model f o r  the l i n e a r  loop i s  shown i n  Figure 5-11. 
The constant Kd i s  the gain o f  the detector cha rac te r i s t i c  and i s  propor- 
t i o n a l  t o  the s ignal  strength. The constant K, i s  the VCO gain, and the 
constant KG i s  an a r b i t r a r y  gain which w i l l  be chosen t o  meet some 
spec i f i ca t i on  on performance. The requirements on t h i s  loop are t h a t  the 
degradation i n  the data detect ion channel due t o  the loop t iming j i t t e r  
be less than 1 dB and tha t  the average t o t a l  despreader acqu is i t i on  t i m e  
be less than 10 seconds. 
. 
Figure 5-11. The Linear Model o f  the Loop 
The loop input  signal can be represented by 
(5-31 ) 
where pi(t)  i s  the normalized d i f fe rence between the t r u e  delay and the 
acqu is i t ion  c i r c u i t ' s  estimate. 
func t ion  i s  
From Figure 5-11 the closed loop t r ans fe r  
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where s i s  the Laplace va r i ab le  and 
i s  ca l l ed  the loop gain.  
The loop f i l t e r  is assumed t o  be an imperfect i n t e g r a t o r ,  or 
( 5- 33) 
( 5- 34) 
A c i r c u i t  which c lose ly  approximates this t ransfe; .  func t ion  is  shown i n  
Figure 5-12. From this f igu re ,  the f i l t e r  time constantc  a re  given by 
T~ = (R1 t R 2 ) C  
f2 = R2 C 
Addit ional ly ,  the c i r c u i t  has a dc ga in  given by GDc = -R3/R1. 
Subs t i t u t ing  (5-34) i n to  (5-32) y i e l d s  
1 + -  
n 0 
0 
H ( s )  = 
1 + (2r +X)  s t  
G w  % 
wn 
where 
is ca l l ed  the lcop damping f ac to r ,  and 
( 5- 35) 
( 5- 36) 
( 5- 37) 
n =e 
5-31 
( 5- 38) 
i s  ca l l ed  the loop natura l  frequency. Typ ica l l y  5 i s  chosen t o  be 
1 / f i  = 0.707 so t h a t  the loop i s  c r i t i c a l l y  damped. The loop t rans fe r  





w H ( s )  = 
1 + (a+$)%+ w 2
( 5- 39) 
AMPLIFIER 
Figure 5-12. Loop F i l t e r  C i r c u i t  
One o f  the cof i t r ibutors  t o  the f i n a l  t iming e r r o r  can now be com- 
puted. This e r r o r  i s  the mean steady-state t rack ing  e r r o r  due t o  the 
i npu t  s ignal  alone. 
e r r o r  s ignel  i s  re la ted  t o  the input  s ignal  by 
Froill the d e f i n i t i o n  o f  H ( s )  i n  (5-32), the loop 
From (5-31 ) 
Pi(S) = 2 + J$ 
S 
The mean steady-state e r r o r  s ignal  i s  given by 





Subst i tu t ing  (5-40) and (5-41) i n t o  (5-42) y i e l d s  
(5-43) 
Equation (5-43) states t h a t  the mean steady-state e r r o r  is caused 
l a g  i n  t rack ing  the code doppler and can be made a r b i t r a r i l y  smal 
increasing the loop gain G, as would be expected. 
by the 
by 
The other  f i n a l  t iming e r r o r  con t r ibu tor  i s  due t o  the input  noise. 
The standard dev iat ion o f  the steady-state e r r o r  s ignal ,  ca l l ed  the  tit i , ing 
j i t t e r ,  has been derived by Hartmann [9] 
' C  
I n  (5-44) AT i s  the amount the ea r l y - l a te  code i s  ea r l y  o r  la te .  
assumed t o  be 
It i s  




1 A loop w i t h  AT = 5 2 T~ i s  termed a "one-d loop" s ince the detector  
cha rac te r i s t i c  i s  l i n e a r  over the i n t e r v a l  ( - rc/2,  ~ & 2 )  w i t h  length 
one chip time. Also i n  (5-44) ,  1/2 T i s  the frequency o f  the squarewave 
q ( t ) ,  and BL i s  the loop bandwidth defined by 
q 
Subst i tu t ing  (5-39) i n t o  (5-46) y ie lds ,  f o r  la rge  G 
(5-46)  
BL = 0.53 wn HZ 
5-33 
(5-47)  
I n  order t o  choose BL o r  w,,, the acqu is i t i on  t r a j e c t o r i e s  o f  the  
feedback l u p  must be considered. Nielsen [ lo)  shows t h a t  the loop w i l l  
acquire o r  lock  onto the code as long as w,, 
assumed t h a t  
b a a  I t  i s  there fore  
w n = 2A6, (5-48) 
Note t h a t  here ba i s  the acqu is i t ion  code doppler. Thus wi th 6, = 400 
w n = 800 rad/sec (5-49) 
and from (5-47) 
BL = 424 Hz (5-50: 
Now s u b s t i t u t i n g  (5-45) and (5-50) i n t o  (5-44) and assuming t h a t  
1/10 BT i s  n e g l i g i b l e  
9 
= 0.039 chips (5-51 ) 
The loop gain G can now be chosen t o  make c ,  as given by (5-43), smal ler  
t 1 , ~  ac. For b = 900 chips/sec and 
(5-52) 5 G =  10 
Then 
- 
E = 0.0071 chips ( 5- 53) 
The sum o f  (5-51) and (5-53) w i l l  be ca l l ed  the t o t a l  t im ing  j i t t e r  
- 
a~~~ = uc + E = 0.04 chips ( 5- 54) 
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5.2.2 Recomnended Despreader Design 
During the  course o f  the up1 i n k  studby se..xral a1 ternate despraader 
designs were considered. These included both sequential and adaptive PN 
acqu is i t ion  techniques which promised somewhat faster  acqu is i t ion  times. 
These approaches are characterized by increased complexity and higher 
associated r i s k / c o s t  and were a lso judged t o  be somewhat less f l e x i b l e  
than the rather  s t ra ight forward approach recommended w i t h i n  the avai lab le 
resources o f  t h i s  study e f f o r t .  
The basel ine despreader, shown i n  Figure 5-13, i s  a s l i g h t  modif ica- 
For an improved acqu is i t ion  perfc-maw? the t i o n  o f  the  S-band approach. 
dual- f  requency search a f  F i  gure 5-1 4 i s  incorporated. 
are changed and cc ie  phase dwell  times are reduced hv a f a c t o r  o f  4, 
otherwise the approach i s  i d e n t i c a l  t o  S-band. The despreader l o g i c  
f low diagram i s  shown i n  Figure 5-15. 
F i  1 t e r  b a n h i  dths 
:?READ SPECTRUM PROCESSOR - DETAILED BLOCK DIAGRAM 
I31 MHz) 
- f GATE DUMF 
Figure 5-13. Baseline Despreader 
The c r i t i c a l  parameter having the most af fect  cn performance i s  the 
al lowable code phase dwell  time, TD. The dwell  t ine must be consis tent  
w i t h  PD = 9.99, PFA = and the  C / l 0  i n t o  the &spreader. 
po in t  C/No 's  a;*e derfved i t )  Table 5-2 w i t h  a t  l e a s t  a 3 dB margin. 
Design 
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Fiyr re  5-14. Two Bandpass F i l t e r s  Used to A c c e a t e  Total 2.2 M r  
Frequency Uncertainty 
Table 5-2. 3 d6 U i n i u  Uargin a t  Design-Point Carrier- 
to-Noise Densities 
J 
~- ~~~ ~ ~~ 
Figure 5-16 i s  a plot of allowable &ell times vs PFA for  various values 
of C/No a t  a fixed detection probability o f  0.991. The #HRputer progran 
which derives these curves accounts for a l l  losses and degradations caused 
by 1) f i l ter ing prior to  the despreader, 2) bandlimiting of despreader, 
3) doppler code d r i f t ,  4) maxirnun quarter-chip offset  of the half-chip 
increment search, and 5) increase i n  noise density caused by the PN code 
spectrum i n  the out-of-sync condition as discussed i n  Section 5.2.1. A 
&el1 time of 155 vsec is chosen which is consistent w i t h  the P,, = 0.99; 
requirement). The time required for  a complete doppler-expanded code 
search over two frequency bandwidths is 1.45 seconds (excluding false 
alarms). For P, = 0.991, one complete search is required a t  66.0 dB-Hz 
and five complete searches a t  C/N, = 61.6 dB-Ht. 
= lom6 requirement a t  66.0 dS-Ht (adjusted - 102dBm received pawer p~~ 
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. 
Figure 5-15. Code Acquisition and Tracking Logic Flow Diagram 
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Fiwm 5-16. k l 1  Tim Versus PFA 
This can be seen by reference t o  Figure 5-16. Note t h a t  the  design point 
dwell t ime corresponds t o  a PD = 0.61, PFA = I f  f i v e  sweeps are 
used PD = 1 - (.39)5 = 0,991, A s ing le  threshold check i n  t rack ing  i s  
s u f f i c i e n t  t o  reduce f a l s e  alarm p r o b a b i l i t y  t o  * 
Code acqu is i t i on  time i s  computed f o r  an ove ra l l  99% probab i l i t y .  
Therefore, s u f f i c i e n t  t i m e  must be a l loca ted  f o r  t he  ac t i ve  code search 
plus t ime penal t ies caused by f a l s e  alarass. Hence, the  quoted acqu is i t i on  
times are consistent w i t h  the fo l l ow ing  c r i t e r i a :  w i t h i n  t ime TAcQ the  
p robab i l i t y  o f  code sync i s  a t  l e a s t  0.99 and f a l s e  alarms have dismissed 
w i t h  p r o b a b i l i t y  1-10°6, i.e., 
Pr[true sync i n  t ime T A ~ Q ]  - Pr[cOde acquire,dismiss a l l  f a l s e  alarms] 
= (0.991)(0.999999) > 0.99 
Analysis shows t h a t  f o r  C/No = 66.0 dB-Ht the number o f  f a l s e  a1;rms 
c 1 w i t h  p r o b a b i l i t y  1-10°6 and f o r  C/No = 61.6 dB-Hz the number o f  f a l se  
alarms < 64 w i th  p r o b a b i l i t y  1-10e6. Reference t o  Figure 5-15 shows t h a t  
the occurrence o f  a f a l s e  alarm incurs a time penal ty o f  a 10 msec delay 
plus 2 dwells o f  309 sec each p lus 2 i n teg ra to r  dumps o f  20 vsec o r  a 
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t o t a l  of 10.658 arec. Acquisi t ion t ines consistent w i t h  the above c r i t e r i a  
f o r  the specif ied design points o f  C/No = 66.0 dB-Hz and 61.6 dB-Hz are 
1.64 and 8.99 seconds, respectively. 
A f te r  indicat ions of code acquis i t ion the despreader switches to  the 
t rack rode. During t racking the post detection SNR increases since 
degradations caused by doppler d r i f t ,  quarter-chip offset, and spread 
spectwn contr ibut ion to .no ise density vanish. The threshold i s  lawered 
to increase PD t o  0.9%999999 so tha t  the p robab i l i t y  o f  no fa lse  dismissal 
during t 
The & e l l  time during t racking i s  doubled t o  decrease the variance o f  the 
noise density. The resu l t ing  threshold a t  the minimm C/No = 61.6 &-Hz 
y ie lds  a Po = 0.999999999 and a PFA = 1.48 X 10-l'. The sumnary o f  key 
K-band despreader design parameters i s  l i s t e d  i n  Table 5-3. 
maximun length 98 minute transmission i s  greater than 0.99. 
Table 5-3. Suarnary o f  Key SSP Design Parasletem 
EODE ACOUlSlTlON 1- 
C O t X  WA!Z A C W l S K l O N  
COO€ )(USE r U C K l N G  
D&iL TIME 




T U X K I N G  PIEWlKTION 
PIOM8ILIT'Y Of Losf OF LOCI 
TRACKING LOOP WDUlDlH 
TRACKING LOOP WMHlDTH 
PULL-IN TIME 
D W n N G  RATIO 
TRACKING LOOP LAG 





' 3 d8 -GIN 
? -0.99 . D 
WUNG 100 MIN. 
TRANSMISSION 
4 LOOP T I M €  
CCKSTANTS 
WllM M A X W  
DOPPLER 
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5.3 CARRIER RECOVERY LOOP 
This section presents the analysis and design o f  the c a r r i e r  synchron- 
i z a t i o n  loop which performs the next step i n  the Orb i te r  acquis i t ion 
ser;uence. The rev is ion o f  the upl ink signal f r o m  unbalanced QPSK t o  
P-ary PSK i s  a s impl i fy ing step f o r  the c a r r i e r  recovery function and 
much o f  the e a r l i e r  work t o  obtain sat is factory  performance from the 
N = l  class loops w i t h  the  var iable high r a t e  channel could be abandoned. 
The content o f  t h i s  sect ion begins w i t h  a comparison o f  a l ternate approaches 
followed by analysis and design o f  the selected approach. The sect ion 
concludes w i t h  a performance sumnary o f  the recomnended c a r r i e r  synchron- 
i z a t i o n  loop. 
5.3.1 Costas Versus :-*laring Loop Implementation [ll] 
It i s  welT known t h a t  the Costas loop o f  Figure 5-17a and the squaring 
loop o f  Figure 5-17b have the same theoret ical  noise imnunity i n  both 
the acquis i t ion and tracking modes. However, i n  the implementation of a 
squaring loop, mechanization o f  the times two m u l t i p l i e r  i s  an important 
consideration insofar as system performance a t  low signal-to-noise r a t i o  
i s  concerned. Considerations which must be accounted f o r  i n  the choice 
o f  the "squaring" approach include a wide dynamic range w i t h  respect t o  
the signal leve l ,  good thermal s t a b i l i t y ,  and s c u r a t e  square l a w  response 
over the dynamic range of  input  signal and temperature levels o f  i n te res t .  
Test resu l t s  conducted a t  TRW concerning the performance o f  an analog 
mu1 t i p l i e r ,  indicated degraded signal-to-noise performance r e l a t i b e  t o  
theoret ical .  
to-noise rat ios,  an al ternate approach t o  the implementation o f  a squaring 
c i r c u i t  was considered. The al ternate mechanization o f  the loop i s  i l l u s -  
t ra ted  i n  Figure 5-17c. 
I n  an attempt t o  overcome the degrading ef fects  a t  low signal- 
5.3.1.1 - Preliminaries 
Figure 5-17c shows the 1 i m i  ter/mul t i p 1  i e r  type o f  squaring loop under 
consideration. 
frequency w0 and equivalent single-sided noise bandwidth Bi(Bi 
g i  ven by 





Figure 5-1 7. Carrier Reccvery Loops 
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1 ---- I- 
Figure 5-17. Carrier Recovery Loops 
(5- 55) 
where H is the transfer function o f  the f i l ter .  The input  signal t o  the 
bandpass l imiter i s  defined t o  be o f  the form 
x ( t )  = s ( t )  t n ( t )  
with 
S ( t )  = Jz h sin ( w , t  t e ( t ) )  
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where e ( t )  i s  the  informat ion bearing s ignal ,  and n ( t )  i s  the  narrowband 
noise represented by 
n ( t )  = [nc(t) cos w,t - ns(t)  s i n  u0t] 
where nc( t ) ,  ns( t )  are zero mean uncorrelated Gaussian processes w i t h  
2 = Ern (t)] = NoBi 
P 
(5-56) 
E[nc(t) n,( t+~)]  = 0 
I n  (5-56) No i s  the one sided spect ra l  densi ty  a t  the  i npu t  t o  the BPF hl . 
Through some t r igonometr ic  i d e n t i  t i e s  we can rewr i t e  the  i npu t  
s ignal  x(+)  i n  the  form: 
x ( t )  = fl [(A-Ns(t)) s i n  $ ( t )  + N c ( t )  cos $(t)] (5-57) 
where 
$(t) = uot + e ( t )  ( 5- 58) 
N c ( t )  = Ni( t )  COS (ei(t)  - e ( t ) )  
N,(t) = Ni(t) s i n  (e i ( t )  - e ( t ) )  
The noise processes N,, Ns invo lve  the  informat ion bearing s ignal  
e ( t ) .  To obta in  the  s t a t i s t i c a l  propert ies o f  NcNs we can re -wr i t e  
(5-58) as follows: 
N c ( t )  = n c ( t )  cos e ( t )  + n s ( t )  s i n  e ( t )  
N S ( t )  = n,(t) cos e ( t )  - nc( t )  sin e ( t )  
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which gives d i r e c t l y  the fo l lowing, assuming the noise process and the 
informat ion bearing s ignal  are s t a t i s t i c a l l y  independent 
E[Nc] 2 = E[NS] 2 = un/2 2 
I f  i n  add i t ion  we def ine the normalized i npu t  noise autocorre la t ion 
func t ion  t o  be 
R n . ( t )  = rn(r) cos w0r - oo CT < a ~  
1 
where r n ( T )  i s  low pass and has the proper t ies 
aD 
then the auto- and cross-corre la t ion funct ions f o r  Nc ( t )  and N S ( t )  can 
be w r i t t e n  i n  terms o f  r n ( T )  and un2 as: 
2 
E[NcNcT] = E[NsNsr] = 7 "n r n ( T )  cos A e T  (5-60) 
where 
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The idea l  l i m i t e r  funct ion i s  def ined such tha t  
The input  process x ( t )  can be wr i t ten,  from (5-57), as follcvs 
x ( t )  = fi v ( t )  cos ( g ( t )  - y ( t ) )  
where 
y = tan -1 (AN- NS) 
C 
The l i m i t e r  output y ( t )  can be in tegrated t o  be [13]. 
(5-61 ) 
It i s  c lear  from (5-61) t h a t  on ly  odd harmonics are present i n  the  
1 i m i  t e r  output. 
5.3.1.2 Squarer Output 
To obta in  suppressed c a r r i e r  t racking, the data modulation e ( t )  
[biphase modulation assumed] has t o  be removed t o  create a CW s ignal  
which i s  tracked by the PLL. This i s  accomplished by m u l t i p l y i n g  the 
l i m i t e r  output (a  stream 0s' + 1 ' s )  t o  the incoming signal ,  and then 
obtaining the harmonics around 2w0 by passing the m u l t i p l i e r  output 
through the zonal f i l t e r  h2. The m u l t i p l i e r  output can be w r i t t e n  as: 
5-45 
The second harmonic term can be selected from (5-62) t o  be the fol lowing: 
Note then tha t  i n  the above discussion the f i l t e r  h2 i s  assumed a 
mathematical e n t i t y  which se lects  on ly  the  second zone component. I n  
r e a l i t y ,  a physics1 bandpass f i l t e r  can only  approximate t h i s  condi t ion 
s ince the spectrum o f  cos [2 ((o(t) - ~ ( t ) ]  extends on a l l  O; however, 
because o f  the assumed narrowband (B1 << wo) approximation, the e r r o r  
i s  small. Not ice also from (5-63) t h a t  s ince biphase modulation i s  
assumed z ( t )  i s  ac tua l l y  a CW s ignal  a t  twice the c a r r i e r  frequency w0 
wher! the noise e f f e c t  y ( t )  i s  neg l ig ib le .  
Weak Siqnal Suppression 
To obta in  the loop e r r o r  s ignal ,  the squarer output z ( t )  is mixed 
w i t h  the l oca l  reference s ignal  
r(t;(o) - -a s i n  2[w0t + 41  
where (o i s  the phase d i f ference between z ( t )  and r(t;(o). Omit t ing 4w0 
terms the e r r o r  s ignal  t h a t  the PLL t racks i s  then 
(5-64) 
I n  the case o f  l i m i t e r - m u l t i p l i e r  implementation of the squaring loop, 
there i s  s ignal  suppression on E ( t ) ,  whicn i s  a funct ion of i npu t  SNR 
pi. 
performance. The weak s ignal  suppression f a c t o r  on E [ ~ ( t ) ]  as a 
funct ion of pi can be obtained as 
Suppression i n  c ( t )  w i l l  a f fect  the loop bandwidth and t rack ing  
This re la t i onsh ip  i s  i l l u s t r a t e d  i n  Figure 5-18. 
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5.3.1.3 E f fec t i ve  Loop SNR and Squaring Losses 
As f a r  as loop performance i s  conzerned the essent ia l  f a c t o r  i s  the 
e f f e c t i v e  loop SNR (See [12]) which depends on the noise power spect ra l  
densi ty N 
around zero frequency. 
o f  the equivalent noise process i n  the  e r r o r  s ignal  E ( t ) ,  
eq 
i s  def ined t o  be [13] 
Neq 
N = 2 J Rn ( t )  d t  
eq eq 
(5-66) 
where n For  the 
per fec t  squaring loop case the auto-corre la t ion funct ion Rn ( t )  o f  the 
equivalent noise process has been computed by Lindsey and Simon [13] 
t o  be 
i s  equivalent t o  zero mean noise processes i n  E( t ) .  
sq 
2q 
R, ( t )  7 4 [A2 Rn ( t )  + Rn * ( t ) ]  
sq C C 
(5-67) 
where Rn ( t )  i s  as given -in (5-60).  
power spect ra l  densi ty around zero frequency N 
F r m  t h i s  the equivalent noise 
C 
i s  computed t o  be 
sq 
Nsq = 4 A 2 No A’’ (5-68) 
where No i s  the input  noise spectral  densi ty a n d A L  i s  defined t o  be the 
c i r c u i t  squaring loss 
(5-69) 
The e f f e c t i v e  loop SNR pef f  f o r  the per fec t  squaring loop i s  given [13] 
i n  terms o f 4  and the equivalent s ignal- to-noise r a t i o  i n  the loop band- 
width (BL) o f  a second order PLL p = A /NoBL by 2 




To compare the two implementations i t  i s  nececr.iry t o  compute the N 
for  the equivalent no?'sc process i n  (5-64) and t o  def ine the e f fec t i ve  
squaring loss i n  the second implementation through Equation (5-70) by 
To obtain N computing the e f fec t i ve  loop SNR peff. 
requires computation o f  the auto-correlat iop funct ion o f  equivalent noise 
term i n  (5-64) 
i n  t h i s  case, 
eq' 
Assuming 4 2 0 ( f o r  t racking) the auto-correlat ion Rn ( T )  i s  found from 
eq 
The corre la t ion times o f  the input  noise process n ( t )  i s  m c h  shorter 
than the modulation process e( t ) ,  then the actual covariance matr ix  A u f  
NC,NS,NCTINSC i s  given by, f o r  a l l  p rac t ica l  considerations by Equation 
(5-72); y2 i s  given by 
For s imp l i c i t y  i n  notation, define 
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Then the j o i n t  density o f  xlS y l ,  x2, y2 i s  given by 
expectation i n  (5-71) 
numerical in tegrat ion 
- y 2 ( ~ ) ] .  With A # 0 the computation o f  the 
involves qu i te  canplicated four f o l d  in tegra ls  and 
seems t o  be the only possible method o f  solut ion. 
n 
I f  A = 0 (which i s  a good approximation t o  small input  SNR cases), the 
expectation can be evaluated exactly. I n  terms o f  the noise envelopes 
and random phase angles: 
= d- , 8, = tan-' (21, i = 1, 2 (5-74) 
1 
"i 
the expectation(5-71) can be computed f r o m  the fo l lowing in tegra l  : 
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The double in tegra l  on I, and $ can be evaluated d i r e c t l y  t o  be 
( 5- 76) 
With t h i s  s imp l i f i ca t ion  (5-75) can be evaluated (See C14)) and 
the e f fec t i ve  loop SIYR can then be computed w i th  the approximation f o r  
small SNR cases, t o  be 
where BL i s  the one sided loop bandwidth and N 
spectral density computed from Rn (T). 
i s  the equivalent noise 
eq 
eq 
This may be s imp l i f i ed  t o  
( 5- 78) 
where&( i s  the equivalent squaring loss. 
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As an example, consider a bandpass f i l t e r  w i th  an RC t ransfer  
function. The equivalent l o w  pass spectrun f o r  Nc(t)  o r  NS( t )  has 
corre la t ion functions: 
(5-79)  
Assuming signal d i s to r t i on  due t o  f i l t e r i n g  i s  negl ig ib le,  then the 
squaring loss f o r  an ideal  squaring loop f o r  t h i s  RNc(t)  i s  computed 
[3] t o  be: 
For the same corre la t ion funct ion the equivalent c i r c u i t  squaring loss 
f o r  the l im i te r /mu l t i p l  i e r  implementation can be computed numerically. 
This r e s u l t  i s  p lo t ted  as a funct ion o f  pi together w i th  equation 
(5-80) on Figure 5-19. It i s  noted tha t  the l i m i t e r / m u l t i p l i e r  imple- 
mentation has more squaring loss than the ideal  squaring loop f o r  low 
input SNR cases, which i s  expected. However, i t  i s  in te res t ing  t o  note 
tha t  as pi + 0 the di f ference between the two squaring losses asymp- 
t o t i c a l l y  approaches % 0.8 dB. 
As pi becomes large, the A 5 0 approximation i s  no longer va l id .  
However, i t  i s  seen from the d e f i n i t i o n  o f  N (t) i n  (5-64) t ha t  
eq 
n + 2Nc(t) as pi + 
eq 
and thus 
as pi + - Neq * 4N0 
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On the other hand, since the signal  suppression f a c t o r  approaches u n i t y  
as pi + 0 0 ,  the e f f e c t i v e  loop SNR approaches, as p + i 
as pi + - A* 1 Gff + q = v 
and we conclude t h a t  the loops have i d e n t i c a l  t rack ing  performance a t  
h igh signal-to-noise ra t i os .  
5.3.1.4 Conclusions 
This sect ion has developed the  t rack ing  performance o f  a p r a c t i c a l  
squaring loop i n  which the times two m u l t i p l i e r  i s  mechanized as a 
l imi ter /n?ul  t i p l i e r  combination; t h i s  "squaring" approach serves t o  
produce the absolute value o f  the a r r i v i n g  s ignal  as opposed t o  the per- 
f e c t  square law act ion which i s  required i n  order t o  render acqu is i t i on  
and t rack ing  performance equivalent t o  t h a t  o f  a Costas loop. The absolute 
value type c i r c u i t  appears t o  be the more p r a c t i c a l  c i r c u i t  t o  b u i l d  when 
such things as low signal-to-noise ra t i os ,  a wide dynamic range o f  s ignal  
l e v e l  and temperature var ia t ions  are considered. I n  the signal-to-noise 
r a t i o  region o f  in terest ,  i t  i s  shown t h a t  an absolute value type "square 
law" c i r c u i t  degrades the input  C/No by 0.5 t o  0.8 dB over t h a t  o f  an ideal  
squaring loop. This also says t h a t  the t racking performance o f  a Costas 
loop i s  bet ter ,  by 0.5 t o  0.8 dB, than t h a t  o f  a squaring loop implemented 
w i t h  a l i m i t e r / m u l t i p l i e r  combination f o r  times two mu l t i p l i ca t i on .  A t  
h igh SNR i t  i s  shown t h a t  the t rack ing  performance o f  the two mechaniza- 
t ions i s  i den t i ca l .  I n  addit ion, the beat note leve l  and phase detector 
gain are nonl inear functions o f  the signal-to-noise r a t i o  a t  the i npu t  
t o  the l i m i t e r / m u l t i p l i e r .  This i s  o f  concern as f a r  as ,naintaining the 
design po in t  loop bandwidth and damping as the signal leve l  varies. The 
Costas loop implementation i s  therefore recomnended. 
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5.3.2 Performance Analysis 
The c a r r i e r  recovery Costas loop i s  analyzed. The mean square phase 
e r ro r  i s  obtained and i t ' s  ind iv idual  component terms derived and analyzed 
separately. Tradeoff curves between mean square phase e r ro r  and loop band- 
width are also presented. Acquis i t ion t i m e  and sweep r a t e  f o r  0.99 i s  a lso 
determined and the f i r s t  mean s l i p  t i m e  i s  calculated. 
5.3.2.1 Stochastic D i f f e r e n t i a l  Equation o f  the Costas Loop 
The Costas loop analyzed h e w  i s  shown i n  Figure 5-20 as a short  loop. 
This i s  equivalent t o  the phase lock I F  Costas loop (long loop) implemented 
i n  the double superheterodyne PLL Ku-band receiver block diagram when the 
pre-Costas BPF bandwidth i s  wide compared t o  the data rate. 
Figure 5-20. Recanended Costas LOOP 
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Following reference [13) i t  is possible t o  show that  fo r  
x( t )  = 1/ZSm(t) s ino(t)  + ni( t )  (5-81 ) 
where 
m(t) = signal modulation, 1 
ni( t )  = narrowband noise process 
d t )  = w o t  + d ( t )  + q ( t )  = uot  + e ( t )  
t t 
doppler t rakmi t ter  
prof i 1 e osci 1 la tor  
i nstabi 1 i ti es 
i ( t )  = w,t + i ( t )  + q t )  
$( t )  8 @(t) - i ( t )  
then 
2 2 2 E(t) = KIKmi[uS m ( t )  - Nc ( t )  + Ns ( t )  - 2 5 a  m(t) Ns(t)J 
sin 24(t) + [2 &m(t) Nc(t) - 2 Nc(t) Ns(t)] cos 24( t ) l  
(5-82) 
where 
a = is the proportion of the signal power passed 
by the low pass f i l t e r  having noise bandwidth BI 
Nc(t) = A,(t) cose(t) + As(t) s ine( t )  
Ns(t) = hC(t) s ine( t )  + AS(t) cose(t) 
where both A, and A,(t) are assumed t o  be s t a t i s t i ca l ly  independent station- 
arv W.G.N. processes of single sided spectral density No w/Hz and double 
sided bandwidth N0/2 w/Hz less t h a n  wo/2n. 
5 = gain of the upper and lower multipliers. 
The instantaneous frequency a t  the VCO output is related t o  E(t)  by 





t12(t) = o s c i l l a t o r  i n s t a b i l i t i e s .  
The stochastic i n t e g r o - d i f f e r e n t i a l  equation o f  operation i s  then 
where 
N[t, 2$ ( t ) ]  = [-Nc2(t) + Ns 2 ( t )  - 2& m ( t )  N s ( t ) ]  s i n  2 $ ( t )  + 
[ 2 K m ( t )  N c ( t )  - 2 N c ( t )  N s ( t ) ]  cos 2 $ ( t )  (5-84) 
Note t h a t  2 $ ( t )  represents the actual phase e r r o r  being tracked by the  
loop. For P the Heaviside operator, we can r e w r i t e  (5-83) (suppressing the  
e x p l i c i t  t i m e  dependence) 
20 = 2d + 2A$ - [as s i n  2$ + N ( t ,  29)J (5-85) 
When the t o t a l  loop phase e r r o r  i s  small we caT: use the f i r s t  term i n  a 
Taylor ser ies expansion f o r  s i n  2$ and w r i t e  s i n  29 2 2$ [reference [ls]], 
then from (5-85) the equation o f  operation becomes 
where 




5.3.2.2 Phase Error Analysis 
From (5-87) it follows t h a t  the total mean square error performance, 
4a2T*, is thus composed of 
where 'J2d is the mean squared tracking phase error component due t o  doppler 
effects and given by 
u2 
er oscillator instabi l i t ies  and given by 





i s  t h a t  portion of u~~ due t o  the additive thermal noise. When the loop i s  
locked t o  zero doppler, u2d can be neglected and u~~ written as 
We now study b o t h  terms on the r i g h t  hand side of the above expression 
separately . 
a)  Additive noise mean squared phase error (u2$. 
The one sided loop noise bandwidth f s  defined as 
(5-92) 
* 
i s  also known as a phase j i t t e r .  
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Uhen the loop noise bandwidth i s  such t h a t  BI>>BL, where BI i s  the one sided 
noise bandwidth of the lowpass arm f i l t e r s ,  we need only consider tire noise 
spectral density a t  zero. It i s  not d i f f i c u l t  t o  show (reference [16,17,18] 




When the LPF i s  an n pole Butterworth f i l t e r  then (5-94) reduces t o  
SN(0) = 2 NoaS + 2 NO 2 B I  (1  - 9 (5-95) 
so using (5-92) and (5-95) i n  (5-91) we get 
(5-96) 
For the case t h a t  the data f i l t e r  i s  a lowpass s ing le  pole RC f i l t e r  
w i th  noise bandwidth RI, (5-96) reduces t o  
and the term 





i s  defined as the squaring loss.  When the data sequence i s  a Manchester b i -  
phase modulated signal  u i s  given by 
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and for the same arm f i l t e r  as above the l a s t  one reduces t o  
(5-99) 
(5-1 00) 
where BI = i f I  and l/Ts is the data rate. 
b) Osci 11 ator  Instabil i ties Mean Square Phase Error: ( a2*$) 
The VCO shown i n  the block diagram of the equivalent short Costas loop, 
Figure 5-21, is really a frequency synthesizer which we model i n  the follow- 
ing figure following reference [lg]. 
Fi gurc 5-21. Equfvalent Short Loop 
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The e f fec t i ve  m u l t i p l i c a t i o n  f o r  the VCXO i s  751.69 (=MxN) and f o r  the  
VCO i s  50.11(=M). These m u l t i p l i c a t i o n  fac to rs  r e s u l t  as a consequence o f  
considerfng an approximation t o  the actual ,  more complicated system i n  t h a t  
i n  the  actual  system p a r t  o f  the signal out  o f  the VCO i s  used t o  generate 
the second I F ,  without any f u r t h e r  m u l t i p l i c a t i o n .  Since the r e s t  o f  the 
VCO output i s  m u l t i p l i e d  by 49 we may j u s t  consider one I F  w i t h  a mu1tipl.i- 
ca t ion  f a c t o r  o f  50.11. 
The l i n e a r  model corresponding t o  the  dashed block i s  the  fo l low i ; .  
and the equation o f  operat ion i s  f o r  4 = evcx0 - 6/N* 
KvF P +vco 
a = J'vcxo - + - N 
The closed loop t rans fer  funct ion f o r  t h i s  system i s  




Using the d e f i n i t i o n  o f  4 
*The dumy var iables used 
ones used previously. 
i n  (5-101) and (5-103) we get 
i n  t h i s  sect ion are not  t o  be confused w i t h  the  
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KvF(P$ ) 'VCO 
%CXO NPtKv P N' *VCO 
From where it fol lows t h a t  the nolse spectra out o f  the dashed block i n  the 
frequency synthesizer i s  given by 
From the above,and the block diagram o f  the synthesizer i t  fol lows tha t  
Using now (5-106) i n  (5-90) and assuming the FsyNN(f) 2 sAy( f )  we get 
aD 
u 2 ~ y  = (MN)2J I 1  H4(f)121HsyN(f)12 SVC)(o(f) df 
-0 
5.3.2.3 Results and Computations 
Once the c a r r i e r  power t o  noise r a t i o  i s  determined (p  = S/No) and a 
i n  noise bandwidth BI f o r  the data f i l t e r s  adopted, i t  i s  c lear  t h a t  u2 
(5-97) i s  on ly  a function o f  the loop bandwtdth BL, i.e., 
24 
The noninal wmbers adopted f o r  the above parameters where BI = 500 kHz, 
P = 64 dB-HZt 472 kbs a .842 and a216 kbs = .68. 
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The VCO and VCXO models adopted have s ing le sided phase spectra 
(rad2/Hz) given by 
(1) vco 
22 dB/decade t o  -140 dBc/Hz a t  1 Mi2 
(2) VCXO 
-80 dBc a t  10 Hz 
-109 dBc a t  100 Hz 
-137 dBc a t  1000 Hz 
-147 dBc a t  10 kHz 
-152 dBc a t  > &5 kHz - 
so tha t  we model the VCXO spectra as 
l o9  10-13.8 
S,vCxo(f) = 7 O <  f < 1 kHz - -  
1 kHz < f < 10 kHz - -  
10 kHz - -  e f< 25 kHz 
f > 25 kHz 




where an = BL/.53. Then we have t h a t  the mean square phase e r ro r  due t o  
o s c i l l a t o r  i n s t a b i l i t i e s  i s  ( i n  degrees square) 
(f/fs l4 ( f/ f CL l4 
0 l+(f/fsyn) 1 + ( f /fCL 
OD 
+ (57.3)3(50.11)2 2 1  Svco(P) .+ - 4 d f  
where fSyn = 10 kHz and fcL = BL/.53. The above in tegra t ion  was performed 
numberically f o r  200 Hz 5 BL 5 16000 Hz. 
From the above i t  fol lows tha t  the variance o f  the phase e r ro r  due t o  
the add i t i ve  noise i s  proportional t o  BL, whi le the component due t o  A$ i s  
inversely proportional t o  BL. This mans t h a t  the value o f  BL can be chosen 
so as t o  minimize u ~ ~ .  This was done and BL was chosen t o  be BL = 5000 Hz. 
With t h i s  loop bandwidth u~~ = 6.37O. 
Once BL has been fixed, then using the c r i t e r i a  i n  reference [17] and 
[ZO] which fo l lows Frazier and Page acqu is i t io r  t i m e  and sweep r a t e  can be 
determined. For c = .707 and BL = ~"0.53 the sweep r a t e  i s  f o r  a squaring 
1 oop . 
R90 = 0.5431 (1  -g) BL2 Htlsec. (5-1 08) 
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This means t h a t  the sweep r a t e  we have t o  adopt f o r  Costas loop i s  Rg0/2. 
According t o  Fraz ie r  and Page (reference 1211) by sweeping a t  t h i s  r a t e  
across the  uncertainty band there i s  a 90% chance o f  acqu i r ing  the  s ignal .  
This means with a .9 p r o 9 a b i l i t y  the loop can acquire i n  
(5-1 09) 
where f d  i s  the t o t a l  ( p o s i t i v e  frequency) uncer ta in ty  band. 
tem f d  = 2.226 Wz and l f d l  i s  the doppler rate. 
t h a t  by sweeping a t  h a l f  the range given by (5-108) we can increase the prob- 
a b i l i t y  o f  acqu is i t i on  t o  .99, i t  i s  c lea r  then t h a t  we pay a penalty of 
doubling the acqu is i t i on  t i m e  as given by (5-109). It i s  preferable t o  
decrease the sweep r a t e  t o  hal f  instead o f  assuming two consecutive sweeps 
i n  order t o  determine the t i m e  it takes t o  acquire w i t h  .99 p r o b a b i l i t y  due 
t o  hardware advantages and a t  the same t i m e  decrease the p o s s i b i l i t y  o f  
f a l l i n g  out o f  lock whi le t r y i n g  t o  k i l l  the sweep. 
(5-109) t h a t  TACq = f (BL)  , the la rge r  BL, the l a rge r  the sweep r a t e  and the 
smaller the acq time. For the system design BL was chosen t o  minimize 
phase j i t t e r  and the r e s u l t i n g  BL i s  such t h p t  the acq time i s  very much 
w i th in  acceptable values. The resu l t s  o f  the above analysis i s  presented 
i n  Figures 5-22, 5-23, and 5-24. 
I n  our sys- 
It i s  possible t o  assume 
It also fol lows from 
Once BL has been f i d e d  (BL = 5 kHz) we can compute the mean t o  f i r s t  
s l i p  t ime according t o  [22]. 
(5-110) 
9 f o r  the above values o f  BL and 4u2T we have f s l i p  = 2.3 x 10 S. 
BL has been chosen t o  maximize the SNR i n  the loop ( p ' )  and not  t o  s a t i s f y  
acqu is i t ion  time requirements there i s  no need t o  switch f i l t e r s  once i n  
the t rack ing  mode. 
It i s  also important t o  observe t h a t  due t o  the f a c t  the laop bandwidth 
I n  f a c t  t o  do t h a t  would imply a higher BEP degradation. 
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Figure 5-22. Phase J i t t e r  Vs. Loop Bandwidth. 
The Data Rate i s  216 Ups. 
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Figure 5-23. Acquisition Time and Sweep Rate Vs. Loop Bandwidth. 


















Figure 5-24, Acquis i t ion Time Vs.  C/N,. R = 216 Kbps; P, = 0.99. 
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5.3.3 Recomnended Car r i e r  Synchronization Design 
The c a r r i e r  recovery loop recomnended f o r  use i n  the K-band Orb i te r  
receiver i s  the Costas detector implementation shown i n  Figure 5-25. 
COSTAS DmCTOR 
Figure 5-25. Costas Detector 
Per t inent  loop parameters are ind ica ted  i n  Table 5-4 and the t radeof f  
between loop bandwidth and-acqu is i t ion  time i s  shown i n  Figure 5-26. 
Note t h a t  f o r  the chosen loop bandwidth o f  5 kHz the loop w i l l  acquire 
w i t h  a 0.99 p r o b a b i l i t y  i n  1.4  seconds. This acqu is i t i on  t ime i s  con- 
s i s t e n t  w i th  a 3.4 dB margin fo r  the 36.6 dBW minimum EIRP f rom TDRS. 
. SWEEP R A I L  




PERFORMANCE AND DESIGN PARAMEKRb 
L O O P  MNDWIDlH 5 KHz 
ACOUISITON TIME 1.4 SEC 
ACOUlSlTlON SWEEP RAlE 1 MI<x/StC 
SWELP RANGE * I  3MH: 
VCXO PHASE NOISE 
VCO PHASE NOISE 
B t R  DEGRADAIION 0.7 dll 
5.39 DEG RM5 
0.71 DEC RM 
17 DEG STATIC * +AS€ ERROR 
7 DEG RMS PHASE ERROR 
0 b dl) 
0 1 d l  
I , I  I I OP 0 2MM 1 4um Moo Boo0 10,00? 
LOOP BANDWIDTH ( H I )  
Figure 5-26. Loop Bandwidth Selection 
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The - +1.4 Wz sweep range was sized t o  accomnodate the fo l l ow ing  
factors:  500 kHz doppler, 500 kHz offset, 100 kHz rece iver  loca l  - o s c i l -  
l a t o r  o f f se t ,  and 200 kHz allowance f o r  v a r i a t i o n  ir, sweep c i r c u i t r y .  
The degradation due t o  phase noise f o r  t he  5 kHz loop bandwidth i s  
shown i n  Figure 5-27. The phase j i t t e r  estimates r e f l e c t  both the f r o n t  
0.6 - 
NOMINAL 2 f 0.5 - O?EUTK)N I 
z g 0.4 - 
8 0.2 - 
9 0.3 - 
0.1 - 
0 I I I I I  
5 5 d D  -65 m 75 70 
Figure 5-27. Phase Noise Degradation 
BEP f o r  5 kHz BL 
end thermal noise and the con t r i bu t i on  o f  the VCO i n  the i n d i r e c t  X15 
m u l t i p l i e r .  I n  add i t ion  t o  the 0.1 dB degradation t o  b i t  e r r o r  r a t e  a t  
nominal TDRS EIRP due ta phase j i t t e r ,  an addi t ional  0.6 dB degradation 
i s  contr ibuted by a s t a t i c  phase e r r o r  o f  17 degrees (current worst-case 
SCTE estimate). This i s  due t o  phase s h i f t  d i f ferences i n  the s ignal  
paths t o  the Costas loop and the wideband data demodulator. 
5.4 B I T  SYNCHRONIZER 
The Orb i te r  receiver b i t  synchronizer receives as i n p u t  the 216 kbps 
biphase data and derives a b i t  synchronous clock output plus the data 
(now NRZ) su i tab le  f o r  processing by the frame sync decoder. The data 
output o f  the frame sync decoder i s  i n  16-b i t  bytes t o  the demult iplexer 
RAM which performs separation o f  the 144 kbps payload data and 72 kbps 
operational data. The 72 kbps data i s  the Ku-band inpu t  t o  the NSP syn- 
chronizer. This data f low i s  i l l u s t r a t e d  i n  Figure 5-28. 
A complete redesign o f  the b i t  receiver was considered during the 
upl ink study, however, the recommended u n i t  i s  i d e n t i c a l  except f o r  i n t e r -  
face *odff icat ions,  t o  the b i t  synchronizer previously developed by TRW 
f o r  SC qetwork s ignal  processor (NSP).  
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Figure 5-28. B i t  Synchronizer and Data Detection Using 
Data Transition Tracking Loop 
5.4.1 Funct iona 1 Description 
The  b i t  synchronizer function i s  i l lustrated in the diagram of 
Figure 5-28. 
converting the differential signal t o  a single-ended signal then f i l t e r ing  
t h r o u g h  a 3-pole butterworth f i l t e r  whose noise bandwidth i s  13 times the 
incoming data  rate or 2.16 MHz. The f i l t e r  da ta  signal i s  then applied 
t o  an absolute value detector AGC amplifier high pass cutoff c 1 kHz 
(ac  coupled) which provides a constant output  level. The data signal is 
next applied t o  a 3-bit A/D converter which converts the signal into 
digital words in two's complement format 
a 50 percent duty cycle clock a t  a rate 32 times the d a t a  rate o f  6.912 MHz. 
Eight samples a t  a time are clocked into a quarter-symbol accumulator. The 
resulting 6-bit digital word which re.resents the final value for  a quar- 
ter-symbol integration, i s  reclocked, delayed, and t h e n  added t o  the next 
quarter-symbol accumulation t o  obtain a 7 b i t  half-symbol integration. 
Once the half-symbol integration i s  performeo, a full symbol adder com- 
pletes the Manchester d a t a  detection by subtracting successive half- 
symbol integrals after a half-symbol period delay thus producing an NRZ 
d a t a  stream. 
Signal conditioning in the analog front end consists of 
The  A / D  converter uti l izes 
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To generate the  b i t  synchronous clock, the half-symbol in tegra t ions  
previously performed i n  the data detector are sent t o  the phase detector  
and CAD lock detector together w i t h  a s ign b i t  of a half-symbol in tegra-  
t ion .  The phase detector operates by i n teg ra t i ng  about an assumed t rans i -  
t i o n  and mu l t i p l y ing  the r e s u l t  by t 1  , 0, -1 depending on the  sense o f  the 
data t r a n s i t i o n  about the in tegra t ion .  The sense o f  the t r a n s i t i o n  and 
magnitude o f  the phase e r r o r  i s  obtained by comparing successive h a l f -  
symbol in tzgra t ions  i n  the phase detector. The phase e r r o r  output o f  
the phase detector consists o f  7 b i t s  p lus 1 contro l  b i t  depending on the  
sense o f  the data t rans i t i on .  This phase e r r o r  i s  then smoothed by the 
d i g i t a l  loop f i l t e r  before being appl ied t o  the numerical ly con t ro l led  
o s c i l l a t o r  (NCO). The NCO var ies the derived b i t  synchronizer clock so 
t h a t  the phase e r r o r  between the incoming data and local ly -der ived b!t 
synchronizer clock tend t o  zero. F ina l  l y  the ha1 f-symbol i n tegra t ions  
from the analog board are used t o  perform a coherent amplitude detect ion 
which i s  used t o  ind ica te  locked o r  unlocked status o f  the loop. 
5.4.2 Performance Sumnary 
The Ku-Band Orb i te r  b i t  synchronizer, i den t i ca l  t o  the SCTE un i t ,  
has demonstrated the capab i l i t y  of h igh l y  efficient operation a t  low s ignal -  
to-noise ra t i os ,  performing w i t h i n  0.5 dB o f  theore t ica l  a t  the forward l i n k  
data r a t e  o f  216 kbps as shown i n  Figure 5-29. ,1 sumnary o f  requirements 
and capab i l i t i es  i s  shown i n  Table 5-5. 
The key requirements f o r  the b i t  synchronizer are a BER degradation o f  
less than 1.0 dB and a capab i l i t y  o f  acquir ing and t rack ing down t o  0 dB 
signal- to-noise r a t i o .  These requirements are met by an a l l - d i g i t a l  
implementation t o  obtain accurate and s tab le matched f i l t e r  detect ion 
and by employing a data t r a n s i t i o n  t rack ing loop (DTTL) t o  al low the b i t  
sync t o  operate a t  low values o f  s ignal- to-noise r a t i o .  
A sumnary o f  the design values i n  given i n  Table 5-6 f o r  both 
acqu is i t ion  and tracking. Mean acqu is i t ion  times are p lo t ted  i n  
Figure 5-30 f o r  various values o f  SNR parametr ical ly w i t h  t r a n s i t i o n  
dens i ty . 
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Figure 5-29. B i t  Sync B i t  Error 
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A t  the spec i f ied  minimum o f  0 dB SNR, the b i t  syncmean acqu is i t ion  
t ime i s  less than 0.7 seconds. 
acqu is i t ion  t i m e  i s  only a few seconds and i s  r e l a t i v e l y  insens i t i ve  t o  
t r a n s i t i o n  densi ty var ia t ions over a la rge  range. 
For SNR's 5 dB below speci f icat ion,  
The frame sync decoder acquires frame synchronization i n  an average 
o f  9 mil l iseconds ( f o u r  and one h a l f  frame periods). The t o t a l  t ime f o r  
b i t  and frame sync acqu is i t ion  i s  I, 0.5 seconds a t  a 0 dB SNR. The 
frame sync decoder senses data p o l a r i t y  and i n v e r t s  the data i f  required. 
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6. DOWNLINK PERFORMANCE EVALUATION 
An addi t ional  task undertaken during the Ku-Band Uplink Signal Study 
was the performance evaluation o f  the downlink s ignal  by means of computer 
simulation t o  obtain rea l  i s t i c  estimates of BER degradation. This section 
summarizes the resu l ts  o f  t ha t  invest igat ion.  Both downlink modes are 
considered . 
6.1 DOWNLINK SIGNAL DESCRIPTION 
Computer l i n k  simulations were perfcrmed f o r  the downlink s ignal  which 
may perform i n  e i the r  o f  two modes as described below. 
6.1.1 Mode 1 
Mode 1 i s  an a l l  d i g i t a l  data mode i n  a three-channel con f igwat ion  
The data i n  the three channels i s  asynchronous. The channel capacit ies 
are: 
Channel 1 - 192 kbps (Biphase L) 
Channel 2 - Variable from 16 kbps t o  2 Mbps 
Channel 3 - Variable from 3 Mbps t o  50 Mbps (NRZ) 
(Biphase L o r  NRZ-L) 
Channels 1 and 2 are uncoded. Channel 3 i s  convolut ional ly encoded a t  
r a t e  one-half. 
The formation o f  the Mode 1 downlink s ignal  i s  i l l u s t r a t e d  i n  the 
block d i a g r m  o f  Figure 6-1. Channels 1 and 2 are orthogonally mixed 
w i th  an 8.5 MHz squarewave. The modulated squarewave outputs are mixed 
w i th  the convolut ional ly encoded (R = 1/2; K = 7) d i g i t a l  data o f  Channel 
3. The three resu l t i ng  channels are slrmmed a f t e r  appropriate weighting 
and the resu l tan t  i s  phase modulated t o  form the Mode 1 downlick. 
6.1.2 Mode 2 
The Mode 2 downlink s ignal  sha l l  consist o f  one of the following. 
1) Three Simultaneous Channels o f  Data: 
Channel 1 - 192 kbps Biphase L format data 
Channel 2 - 16 kbps t o  2 Mbps (var iab le)  NRZ-L c r  
1024 kbps Biphase L data 
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Channel 3 - 4.5 megahertz TV, o r  up t o  4 Mbps d i g i t a l  
NRZ format data, o r  4.5 megahertz analog 
data o r  other data tha t  are compatible 
w i t h  the response character is t ics  o f  t h i s  
channel 
Channels 1 an,. 2 aremodulated onto an 8.5 megahertz plus o r  minus 
0.1 megahertz subcarrier o s c i l l a t o r  and then combined w i t h  the aralog 
Channel 3 data i n  the spectral range o f  3 her tz  t o  4.5 megahertz. The 
Channel 1 and 2 data are unbalanced QPSK modulated w i th  a p w e r  s p l i t  of 
80 percent f o r  the I-channel (Channel 2) and 20 percent f o r  the Q-channel 
(Channel 1). The composite, sumned signal  must be established w i th  
adequate f i l t e r i n g  t o  prevent the analog data from i-educing the BEP o f  
the d i g i t a l  data or the d i g i t a l  data on the nominal 8.5 megahertz sub- 
ca r r i e r  from the degrading TV performance. The cmposi t e  s ignal  maintains 
dc response i n t o  ths FM modulator, where an appropriate bias sha l l  be 
added t o  provide symnetrical frequency dev iat ion about the nominal center 
frequency. The 8.5 megahertz subcarrier deviates the ca r r i e r  plus “r minus 
11 megahertz, each about the nominal center frequency. 
2) Tr:o Chann2ls o f  Simultaneous Data: 
Channel 1 - A subcarrier o s c i l l a t o r  of 8.5 MHz 
modulated by a data s ignal  format 
described bel  ow 
Channel 2 - An analog on d i g i t a l  channel iden- 
t i c a l  to  Channel 3 of (1) above 
Data f o r  the 8..5 MHz SCO Channel are TDB, b u t  are t y p i c a l l y  up to  16 kbps 
PSK modulated on a 1.025 MHz sinusoidal signdl. The inpu t  modulated siqnal  
i s  phase modulated ontc the 8 . 5  MHt SCO o f  a modulation index o f  DS. The 
following perfcrmance parameters sha l l  be used: 
TBS -a) Modulation Loss 
b) FM Discriminatar Degradation -1 dB 
c) TV Interference -2 dB 
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6.2 COMPUTER LINK SIMULATION FOR DOUNLINK MODE 1 
A l l  s i gn i f i can t  sources o f  d i s t o r t i o n  were analyzed and performance 
simulations were made t o  cbta in  the resu l tan t  BER degradations. 
The primary too l  used i n  evaluating l i n k  BER degradation was the TRU 
l i n k  simulat ion program described i n  Section 3.4. The simulat ion was 
modified t o  acconmodate the three-channel model configuration. This con- 
f igura t ion  consists o f  a 192 kbps signal  and a 2 Mbps signal  i n  quadrature 
on an 8.5 Hiz squarewave subcarrier which i t s e l f  i s  i n  quadrature w i th  a 
50 Wps, r a t e  1/2 convolut ional ly encoded signal. The simulat ion was 
modified t o  generate t h i s  s ignal  structure, w i t h  the  appropriate power 
levels, which was used as the input  s ignal  f o r  the simulation. The simu- 
l a t i o n  model as we l l  as t yp i ca l  waveform a t  the output o f  the modulator, 
orb i te r  and the ground s ta t i on  demodulator are shown i n  Fiqure 6-2. 
The simulation, which included a l l  s i g n i f i c a n t  d i s t o r t i o n  sources 
(except data asymmetry discussed below), gave a BER degradation of 1.8 dB 
f o r  Channel 3. The s e n s i t i v i t y  o f  BER degradation t o  va r ia t i on  i n  each o f  
the more c r i t i c a ’  l i n k  parameters was determined by varying each parameter 
i n  the simulat ion i nd i v idua l l y  and obser-cing the resu l t i ng  change i n  degra- 
dat ion (Figure 6-3). 
The BER degradation i s  f a i r l y  insens i t i ve  t o  var ia t ions i n  RF param- 
eters over and beyond worst-case values. The s e n s i t i v i t y  o f  BER degra- 
dation t o  TDRS AM-to-PH conversion was determined; the addi t ional  degrada- 
t i o n  caused by 5O/dB o f  TDRSS AM-to-PM was only 0.15 dB. 
The s e n s i t i v i t y  t o  var ia t ion  i n  baseband parameters over the range 
speci f ied i n  the [28] are shown i n  Figure 6-4. For power d i v i s ion  ( i .e.9 
the d i v i s ion  o f  power among the three channels) several parameters are 
varying simultaneou5ly and, therefore, only the nominal and worst-case 
po in t  have been shown. Power d i v i s ion  causes the  most var ia t ion  over the 
diloWabit3 range o f  vaviation; hwevei., the addftiona: degradation fsr ~n 
extreme condi t ion i s  only 0.4 dB. 
I t  i s  worth not ing tha t  whi le  the Orb i ter  passband phase and gain 
var ia t ion  are larger than f o r  TDRS, the degradation due t o  the Orb i ter  
passband character is t ics  i s  only a few tenths o f  a dB. More important i s  
the f a c t  tha t  the passband i s  spec i f ied i n  [3] have good passband 
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Figure 6-4. Parameter S e n s i t i v i t y  Analysis - Baseband Parameters 
6- 7 
character ist ics over 225 Mt whi le the TDRS has good passband character- 
i s t i c s  over only 160 MHz. Thus if higher data rates than 50 Mbps (100M 
symbolslsec) are desired, the Orb i ter  passband w i  11 be nonconstraining 
and the maximum achievable data r a t e  w i l l  be l i m i t e d  by the TDRS bandpass 
(approximately 75 t o  80 Mbps o r  150 t o  16OM symbols/sec per I or  Q channel). 
For Channels 1 and 2, the data rates are lower, the d i s t o r t i o n  e f fec ts  o f  
the channel elements are less, and the resu l t i ng  BER degradation w i  11 be 
< 1.8 dB. Since Channels 1 and 2 have large margins (19.2 and 15.0 dB, 
respect ively) ,  1.8 dB was used as an upper bound. 
Transmission o f  data from the signal processor t o  the t ransmit ter  
assembly over approximately 60 f e e t  o f  75 ohm coaxial cable causes lenth- 
ening o f  r i s e  and f a l l  times. This, i n  combination w i th  dc o f f se ts  due t o  
differences i n  ground potent ia l ,  resu l t s  i n  data asymnetry ( the percentage 
increase o r  decrease i n  a b i t  t ime)  o f  up t o  - +8 percent f o r  the high r a t e  
(Channel 3)  signals. Analysis shows a BER degradation o f  0.75 d6 a t  50 
Mbps. As the data r a t e  decreases, the data a s p e t r y  introduced decreases 
so t h a t  a t  10 MHz, the degradation i s  only 0.1 dB. The asymnetry can be 
reduced by adding c i r c u i t r y  t o  reclock the data a t  the end o f  the cable. 
Given the ample margin provided (7.0 dB), the small improvement does not 
warrant the added complexity o f  reclocking c i r c u i t r y .  
For Channels 1 and 2, data rates are low enough (192 kbps and 2 Mbps, 
respect ively)  so t h a t  no s i g n i f i c a n t  data asymmetry i s  introduced by the 
cable. 
6.3 COMPUTER ANALYSIS FOR DOWNLINK MODE 2 
The Mode 2 ret l r rn l i n k  i s  FM with two possible baseband configurations: 
a three-channel conf igurat ion consist ing o f  wideband signal (analog or 
d i g i t a l )  and an unbalanced QPSK subcarrier a t  8.5 MHz; o r  a two-channel 
Configuration consist ing o f  the same wideband signal and a PM subcarrier 
a t  8.5 MHz. 
D i f f e r e n t i a l  phase and gain are p r imar i l y  determined by RF time delay 
d i s t o r t i o n  and by baseband ( including modulator) intermodulation, respec- 
t i v e l y .  The TWT i s  the primary contr ibutor t o  time delay d i s to r t i on .  The 
primary contr ibutor t o  d i f f e r e n t i a l  gain i s  the FM modulator nonl inear i ty  
(manifested i n  intermodulation). Both the Ku-band and SCTE FM modulators 
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are speci f ied t o  be l i n e a r  t o  w i t h i n  22 percent over t h e i r  respect ive 
dev iat ion ranges. 
I n  order t o  prevent the wideband Channel 3 s ignals  from i n t e r f e r i n g  
w i t h  the subcarr ier  signals, and v ice versa, f i l t e r i n g  o f  these signals 
p r i o r  t o  sumning i s  necessary. These f i l t e r s  and the subcarr ier  f i l t e r  
were chosen t o  cause minimal d i s t o r t i o n  i n  t h e  passband, wh i le  r o l l i n g  o C f  
fast  enough t o  reduce in ter ference i n  t h e  stop band. Because o f  the 
i m p r a c t i c a l i t y  of simultaneously achieving i n  one f i l t e r  very low time 
delay d i s t o r t i o n  f o r  the  TV channel and high out-of-band r e j e c t i o n  fo r  
the d i g i t a l  s ignal  ( the d i g i t a l  s ignal  has much more power i n  the  subcarr ier  
band than do the other s ignals)  a d i f f e r e n t  f i l t e r  i s  used f o r  the d i g i t a l  
s ignal .  The f i l t e r  degradation was t y p i c a l l y  0.5 dB w i t h  a maximum o f  1 dB. 
A source of noise o f t e n  s i g n i f i c a n t  i n  FM l i n k s  i s  intermodulat ion 
noise due t o  modulator nonl inear i t ies ,  transmission deviat ions (i .e., gain 
slope and phase nonl inear i ty) ,  and AM/PM conversion. An analysis based on 
the wor:. o f  Cross [24] and Garrison [25] has been done t o  determine the 
intermodulat ion d i s t o r t i o n  introduced by these fac to rs .  The d e t a i l s  o f  
t h i s  analysis are presented i n  Appendix B. 
Figure 6-5 f o r  the d i g i t a l  Chancel 3/QPSK subcarr ier  mode. The rrns s ignal -  
to-intermodulat ion r a t i o  has been determined f o r  the  operating p o i n t  and 
then each d i s t o r t i o n  causing parameter has been var ied i n d i v i d u a l l y  t o  
determine the s e n s i t i v i t y  o f  the d i s t o r t i o n  leve l  t o  var ia t ions  i n  t h a t  
parameter. 
The r e s u l t s  are sham i n  
' For the TV s ignal  case, the  intermodulat ion i s  much lower than f o r  the 
d i g i t a l  s ignal  case. The : w e r  intermodulat ior  which r e s u l t s  when the 
d i g i t a l  s ignal  i s  replaced by the  TV s ignal  i s  due t o  two ef fects.  These 
are the higher power + n  the d i g i t a l  s ignal  r e l a t i v e  t o  analog s ignal  
(approximately 3 dB d i f ference)  and the f a c t  tha t  the TV s ignal  spectrum 
i s  much more concentrated near dc. 
Since the required l i n k  rms signal  t o  rms noise i s  26 dB fo r  the 
analog channel (35 dB peak-to-peak signal  t o  rms noise) and approximately 
10.5 dB f o r  the subcarr ier  and d i g i t a l  s ignal ,  i t  i s  c lear  t h a t  t h i s  i n t e r -  
modulation d i s t o r t i o n  causes n e g l i g i b l e  reduct ion i n  l i n k  performance 
margins. 
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6.4 DOWNLINK POWE,, WLIUETS 
The downlink power budgets for  Modes 1 and 2 are shown i n  Tables 6-1 
and 6-2 , respectively. 
the Rockwell RFP [28], the TRW proposal [3], and t h i s  study. 
Reference sources for each i tem are taken from 
The Mode 1 return l i n k  d is t r ibu tes  the e f fec t i ve  PREC/No among the 
three channels. Margins f o r  Channels 1 and 2 including a l l  degradations, 
are 19.2 and 15.0 dB, respectively. Margins f o r  Channel 3 are computed f o r  
various data rates between 10 and 50 Mbps. These are shown t o  vary between 
7.0 and 16.3 dB as the Channel 3 data r a t e  varies i n  t h i s  range. 
The Mode 2 re tu rn  l i n k  budgets o f  Table 6-2 show both the two- and 
three-channel configurations. For the three-channel case, Channels 1 and 
2 show margins o f  13.6 and 10.3 dB, respectively. 
margin o f  8.9 dB f o r  analog data and 13.6 dB f o r  d i g i t a l .  The two-channel 
conf igurat ion has a 13.6 dB margin f o r  the 8.5 MHz SCO channel and margins 
o f  8.9 and 13.6 dB for the  analog wideband channel and the d i g i t a l  wideband 
channel respectively. 
Channel 3 has a computed 
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NONCOHERENT AGC PERFORMANCE FOR 
KU-BAND UPLINK RECEIVER 
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1. INTRODUCTION 
The TDRSS/Shuttle Orbi ter  Ku-Band Up1 i n k  spread-spectrun receiver 
shal l  be required t o  operate over a wide range (40-100 dB) o f  input  
p o w  leve s. The need f o r  a constant input power leve l  w i t h i n  - +1 dB 
f o r  p r q e r  despreade- ->eration levies a requirement f o r  some form o f  
automatic eve; controi. Two methods are general ly avai lable - coherent 
and noncoherent automatic gain control  (AGC). 
To implement a synchronous AGC loop one must have a coherent re fe r -  
ence f o r  the signal derived from a phase-locked loop. 
control voltages may be generated which are proport ional t o  the instan- 
taneous signal amplitude. During ac .*r is i t ion,  however, such a reference 
i s  not avai lable and therefore only noncoherent AGC techniques nay be 
used. 
I n  t h i s  case, 
The noncoherent AGC loop operates t o  maintain the t o t a l  instantaneous 
power (signal + noise) input t o  the despreader constant. The baseline 
3pproach u t i  1 i r e s  an envelope detector before the despreader t o  provide a 
measure o f  the I F  power, which i s  compared t o  a f i xed  reference. The d i f -  
ference i s  f i l t e r e d  t o  d r i ve  the gain control  elements which are both 
;rariable attenuators and variable bias ampli f iers. 
The fol lowing sections const i tute the performance analysis o f  the 
noncoherent AGC loop. Section 2 i s  a self-contained sumnary o f  analysis 
resul ts.  Sections 3 through 5 may be considered appendices t o  Section 2. 
I n  Section 2, the l i nea r  AGC loop model i s  developed which allows the cal-  
culat ion o f  loop frequency and transient respons together w i t h  the steady 




The p r i n c i p a l  d i f f i c u l t y  which ar ises  i n  the analysis o f  the non- 
coherent AGC i s  the development o f  a l i n e a r  model f o r  the t r i n s f e r  func- 
*.ion between the AGC voltage and inpu t  s ignal  p lus noise envelope. A s  
seen i n  Figure 3, which i s  a s i m p l i f i e d  block diagram o f  the noncoherent 
AGC loop, the AGC voltage i s  derived by a nonl inear squarir,g operation o r  
half-wave r e c t i f i c a t i o n .  Section 3 describes i n  d e t a i l  the de r i va t i on  of 
the AGC loop model. The contro l  block diagram f o r  the AGC contro l  voltage 
nlay be rea l i zed  by an i n teg ra to r  or low-pass f i l t e r  w i t h  negative feed- 
back as shown i n  Figures 8(a) and 8(b), respect ively.  The AGC vol tage 
t rans fe r  func t ion  r e s u l t i n g  from the low-pass f i l t e r  implementation i s  
k. 
L 
HVtS)  = ( r S  + 1 + kL)kc 
where kL = AGC loop gain, kc = at tenuat ion or gain coe f f i c i en t ,  and 7 is  
the time constant o f  the f i l t e r .  
Using the above AGC voltage t rans fe r  function, i t  i s  a s t r a i g h t f o r -  
ward procedure t o  obtain the frequency response o f  the loop. The 3 dB 
c u t o f f  frequency occurs a t  
1 + kL 
u =  rad/sec 
C 7 
and 'a l ls  o f f  a t  the r a t e  o f  20 dB/decade as shown i n  Figure 9. The 
r e s u l t i n g  loop two-sided noise bandwidth i s  
1 + kL 
Hz. - 
fL - 4RT 
The AGC t rans ien t  response i s  obtained f o r  a step input, a ramp input, 
I f  the envelope 
and f o r  a t y p i c a l  antenna acqu is i t i on  scan. Figure 10 shows the AGC 
response and steady-state t rack ing  e r r o r  f o r  a step input.  
fo l lows a ramp input, the loop f i l t e r  produces a steady-state t rans ien t  
e r r o r  t h a t  grows l i n e a r l y  i n  time. However, short  durat ion ramp inputs 
can be to lerated by making the AGC loop gain large. 
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It i s  of i n t e r e s t  t o  compute the AGC response dur ing the antenna 
acqu is i t i on  scan approximated as a "hal f -s inusoid" as shown i n  Figure 11. 
This response i s  obtained as sketched i n  Figure 12. 
I n  sumnary, the basic ana ly t i ca l  tasks f o r  the p red ic t i on  o f  the 
noncoherent AGC loop performance are developed i n  Sections 3 and 4. 
The app l ica t ion  o f  these design techniques fo l l ow  i n  Section 5. Two 
spec i f i c  devices are  considered. These are: 1)  the MC1590F AGC 
amp l i f i e r  - present ly under consideration f o r  the S-Band Shut t le  Com- 
munications 2nd I F  noncoherent AGC amp l i f i e r ,  and 2) the 1H407 p i n  diode 
attenuator - present ly under development by Aertech f o r  the S-Band 
Shut t le  Comnunications lSt I F  AGC. Using assumed values f o r  the desired 
output level ,  the AGC a m p l i f i e r  i s  t rea ted  i n  some d e t a i l ,  y i e l d i n g  
values f o r  loop gain, loop bandwidth, and response time. 
Some f u r t h e r  work i s  required i n  the analysis o f  the noncoherent 
I n  pa r t i cu la r ,  an expression f o r  the s t a b i l i t y  o f  AGC loop i n  noise. 
the AGC gain f o r  low signal-to-noise r a t i o s  i s  desired. Some progress 
has been made i n  t h i s  area and r e s u l t s  w i l l  be published a t  a l a t e r  
date . 
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3. AGC LOOP MODEL 
The desired AGC func t ion  holds the output power a t  a constant l eve l  
despi te s i g n i f i c a n t  var ia t ions  i n  the received power. This bas ic  operat ion 
i s  shown conceptually i n  Figure 1. The inpu t  envelope-squared func t ion  
A ( t )  i s  composed no t  on ly  o f  a (s ignal  x s igna l )  -term but  (spread s ignal  
x noise) and (noise x noise) terms as we l l  and the AGC loop must operate on 
observations o f  the t o t a l  instantaneous power. The operat ional  concept f o r  
AGC i s  one o f  normal iz ing the envelope-squared t o  a desired value us ing an 
est imate o f  A ( t )  designated as i2(t). 
i n  Figure 2. 
by imbiementing an est imator s t ruc tu re  w i t h  delay tak ing  care t h a t  the 
i n teg ra t i on  time constant i s  f a s t e r  than the var ia t ions  i n  .received s ignal .  
The r e s u l t i n g  AGC conf igurat ion i s  one based on energy detection. Related 
analysis work by Victor,  Brockman, and Tausworthe ([l],[Z]) on the behavior 
o f  synchronous AGC loops which requ i re  a coherent s ignal  reference f o r  3pera- 
t i on ,  and O l i ve r  [3] on automatic volume contrb l  does no t  apply d i r e c t l y  t o  
the above AGC conf igura t icn  and a somewhat d i f f e r e n t  approach i s  required. 
2 
2 This operat ional  concept i s  i l l u s t r a t e d  
The noise-term instantaneous power f l uc tua t i ons  can be smoothed 
One p r a c t i c a l  implementation o f  an AGC c i r c u i t  i s  shown i n  the block 
diagram o f  Figure 3. 
o f  a var iab le  gain a m p l i f i e r  w i t h  an envelope detector,  comparing the detector  
output t o  a f i x e d  reference vol tage VR,  and using the f i l t e r e d  incremental 
voltage bias t o  ad just  the amp l i f i e r  gain t o  produce the desired output 
envelope. The envelope detector i s  e i t h e r  a half-wave l i n e a r  o r  square-law 
device. Addi t ional  loop s e n s i t i v i t y  may be obtained by a ga in element, 
usual ly  a h igh gain operat ional  ampl i f ier ,  i n  the feedback path. 
analysis f o r  t h i s  technique, the basel ine f ront-end AGC f o r  the Ku-band 
The AGC act ion i s  accomplished by moni tor ing the output 
The performance 
up l ink  receiver, fo l lows 
F i  r s  t the 1 i neari  zed 
here i s  the der iva t ion  o f  
VC( t )  t o  the input  (s igna 
n the sequel. 
model o f  the  AGC c i r c u i t  i s  developzd. 
the t rans fe r  func t ion  r e l a t i n g  the AGC cont ro l  vol tage 
The purpose 
t noise) -envelope A ( t ) .  
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Figure 1. AGC Function 













Variable-Gain Amplifier. The variable-gain amplifier is  assumed t o  have a 
gain characterisic G ( t )  w h i c h  is an exponential function of the AGC control 
voltage Vc( t )  
or  equivalently an attenuation characterist ic 
a ( t )  = 1/G(t) = 10 Ck C v C (t) 
The action of the variable-gain amplifier can 
' kR1 (2) 
be modeled as two operations 
0 a block operating on Vc according t o  (1)  t o  produce G ( t ) ,  and @ a 
multiplication of G ( t )  and A ( t ) .  T h i s  model is shown i n  Figure 4. Now i f  
the i n p u t  envelope and the attenuation function are both expressed i n  dB, 
the variable-gain amplifier model of Figure 4 can be transformed t o  the 
l inear model of Figure 5, since 
and the AGC output may be expressed as 
D ( t )  = 20 log !#- = 20 log A ( t )  -20 log a ( t )  (4 )  
The constants kC ( i n  dB/volt) and kR ( i n  dB) depend on the construction of 
the variable-gain amplifier (or attenuator). More on this l a t e r  i n  Section 5. 
Envelope Detector and Comparator. The envelope detector and voltage comparator 
comprise the next portion of  the AGC c i rcui t  and are isolated i n  Figure 6. 
The envelope d e t x t o r  ou tpu t  is 'L A/a. Let kD be a proportionality constanc 
associated w i t h  the detector ( i  .e. ,  scaled envelope o u t p u t )  times the gain of 
any amplifier i n  the feedback loop. The envelope detector o u t p u t  is then 
summed w i t h  the reference voltage - V R  i n  the voltage comparator t o  o b t a i n  
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I GAIN CHARACTERISTIC 
Figure 4. Vol tage-Controlled Variable-Gain Amp 
20 log A(t) - kR D(t) = 20 log A ( t )  - 20 log a(t) 
- - -  e 







Figure 6. (a)  Envelope Detector and Comparator 
(b) Linearized Model 
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The reference vol tage VR i s  chosen so t h a t  nominal l y  kDA/aVR = 1. 
the ser ies representat ion f o r  the natura l  logar i thm o f  X 
Recall i t q  
(O<XZZ) an x = (x-1) - 1 (x-1) 2 1  + 3 ( x - ~ ) 3  + ... 
Neglecting the higher-order terms f o r  x = 1 the comparator output may be 
approximated as 
which allows the l i n e a r i z a t i o n  o f  t h i s  po r t i on  o f  the AGC c i r c u i t  as fo l lows 
The above developments al low a t o t a l  l i n e a r i z a t i o n  o f  the AGC c i r c u i t  as 
shown i n  Figure 7. 
AGC Voltage Transfer Function. The output o f  the f i l t e r  Y(s) i s  the AGC 
cont ro l  voltage V C ( t ) .  Le t  the symbol * denote convolut ion and L-’{Y(s)) 
= y ( t ) ,  the f i l t e r  impulse response. The AGC vol tage may then be w r i t t e n  
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"R 
20 log e 
Figure 7. Linear AGC Loop Model 
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= 20 10s A ( t )  - 20 l og  a ( t )  
= 20 l og  "(t) - [kCVC(t) t kR] 
ng i n  (6 )  
a .  I 
Taking Laplace transforms o f  both s ides y i e l d s  
V,(S) - 20 log e vR Y ( s )  m- A/V,);icnJ' "Rk, . .  
Y(S) 20 l o g  e 
I t  " -  Y .. .. 
NOW, l e t  
A ' ( t )  = 20 l o g  A ( t )  t C 
where 
and the AGC vol tage t r a n s f e r  funct ion i s  conveniently expressed i n  terms o f  
the rescaled inmt envelme as 
A-1 3 
where kL i s  AGC loop gain 
- 'RkC 
'L 29 log e 
Note t h a t  the AGC voltage may also be written as 
V,(S) = C A M  + E1 
where A(s)  = LF20 log A ( t ) l .  
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4 .  AGC LOOP FREQUF'TY AND TRANSIENT RESPONSE 
The synthesis o f  Y(s) by an idea l  i n teg ra to r  and a low-pass f i l t e r  
i s  discussed. These u l t ima te l y  determine the f i n a l  form o f  the AGC vcl tage 
t rans fe r  function, derived i n  Section 3 ,  and allow the de r i va i i on  f o r  the 
frequency and t rans ien t  response o f  the AGC loop. 
Ideal  In tegra tor .  
i n teg ra to r  w i t h  a time constant f-sec, then Y ( s )  = ~ / T S  and the  AGC voltage 
t ran-  f e r  func t ion  becomes 
I f  the AGC loop f i l t e r  can be rea l i zed  by an i dea l  
The feedback cont ro l  
the idea l  i n teg ra to r  irnplementati:,n. 
b lock diagram f o r  Vc(s) i s  shown i n  Figure 8(a) f o r  
Low-Pass F i l t e r .  
pass f i l t e r  inst2ad o f  an idea l  in tegra tor .  The low-pass f i l t e r  implementation 
i s  therefore chosen f o r  f u r t h e r  analysi-+. 
the AGC voltage t rans fe r  func t ion  i s  
I n  p rac t i ce  the  loop f i l t e r  i s  usua l ly  rea l i zed  by a low- 
For t h i s  case Y(s) = ( l + ~ s ) - '  and 
where f o r  convenience kV 4 kL/kC. The cont ro l  b lock diagram fo r  V,(s) 
using the LPF implementatim i s  cllok~i i n  Figure 8(b). 
Frequency kesponse. The frequency response o f  the noncoherent AGC loop 
may be obtained from (10). The 3 dB c u t o f f  frequency occurs a t  
f o r  kL >> 1 1 + kL kL w = -  = -  
C T f 
and f a l l s  o f f  a t  a r a t e  20 dB/decade as sketched i n  Fig. 9. 
AGC loop noise banddidth i s  
Note t h a t  the 
NO f o r  a double-sided noise power density F.  
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IDEAL INTEGRATOR 
- 1  
Y(S)  - 
Figure 8(b). AGC Loop Model for the Usual LPF Implementation 













Figure 9. AGC Loop Frequency Response 
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Transient Analysis. Assume t h a t  the input  amplitude A ( t )  undergoes a step 
f r a c t i o n a l  increase aou(t).  The corresponding change i n  a ' ( t )  i s  
Aa ' ( t )  = 20 log(Aao) + C - (20 l o g  A + C) 
= 20 l og  a, = (ao)& 
The AGC voltage step response i s  





- Fq kVao ['- S+(- 51 
u ( t )  VC(t )  [step response] = 
For a large loop gain (kL >> l), the step response may be w r i t t e n  
as Shawn i n  Figure 10. The steady-state t rack ing  e r r o r  i s  obtained below 
f o r  both a step and ramp input.  
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I /  \ I  
\ I  
Figure 11. Antenna Receiver Pattern During Antenna Acquisition Scan 
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Steady-State Tracking E r r o r  
( f o r  a step i npu t )  3 ' ( t )  = (a0)&u i t )  
1 ( f o r  a ramp inpu t )  a ' ( t )  = alt u ( t )  ( i n  dB) 
Hence, the  AGC loop w i l l  not  t rack a ramp input .  However i f  the loop gain 
i s  large, s m a l l  durat ion ramp inputs may be b r i e f l y  t o le ra ted  by the loop. 
AGC Response During Antenna Scan. 
the acqu is i t i on  scan i s  modeled as the "hal f -s inusoid" depicted i n  Figure 11, 
the envelope input  t o  the AGC may be w r i t t e n  as 
I f  the antenna receive pa t te rn  during 
A'( t )  = sinw[u(t) - u(t-T/Z)] 
where T/2 = 170 m e c  = T/W,  one obtains f o r  the Laplace Transform o f  A ' ( t )  
A- 20 
A'(s) = /A'(t)e-stdt = J s i n ( p ) t  e-stdt 
0 0 
- 2r 2n 2 n  e st(-, s i n  Tt - 7 cos - t) - T - 
S' + ( 2 7 ~ / T ) ~  
=> 
The AGC voltage response, therefore,  i s  
2nkv 1+ kL 
L e t  k, = 7 and k2 = (7 ), the p a r t i a l  f rac t ion  expansion o f  V ( s )  i s  
-ST, V(s)  = [I - e 
Hence, the AGC voltage response during the antenna acquisi t ion scan i s  
(for kL >> 1 )  
A-2 1 
1 - kL + - kL sin(+t - cos(+t u ( t )  f e 
I - (T)(t-T’2) kL + -kL s i n ( p ) ( t - T / 2 )  - c o s ( F ) ( t - T / 2 )  ~ ( t - T / 2 )  T 
shown i n  Figure 12. 
SHAPE OF AGC RESPONSE 
PLOlTED FOR 
T = 340 nsec 
kL/t e 60 
The dashed curve represents the reciprocal o f  the input  envelope. The above i s  an 
i l l u s t r a t i v e  sketch only. 
Figure 12. AGC Voltage Response for  Antenna Scan Input o f  Figure 11 
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5.0 DESIGN APPLICATIONS 
Now consider the app l ica t ion  o f  the above analysis techniques t o  
obta in  the performance charac ter is t i cs  o f  a s p e c i f i c  AGC amp l i f i e r .  The 
device chosen f o r  analysis i s  the  MC 1590F AGC m p l i f i e r  - i:"esently under 
considerat ion f o r  the S-band Shut t le  communications 2nd I F  nonccherent AGC 
ampl i f ier .  The gain cha rac te r i s t i c  o f  t h i s  device (s ingle-stage) i s  shown 
i n  Figure 13. 
-10 dB t o  +20 dB ( a t  room ambient temperature - 70°F). Over t h i s  range o f  
ga in the cont ro l  vol tage changes only 0.4 v o l t  ( f r o m  -5.5 v o l t s  t o  -5.9 vo l ts ) .  
The gain vs V c  slope i s  
Note the cha rac te r i s t i c  i s  very l i n e a r  i n  the range o f  gains 
A = - -  30d6 - -75 dB/V. 
- 0 . 4 ~  
I n  the l i n e a r  r:ingP o f  operat ion the MC1590F f i t s  w e l l  w i th  the prev ious ly  
assumed gain cha rac te r i s t i c  
- ' [k V ( t )+kR] G = l O  a c c  
o r  
20 l o g  G = - k,Vc(t) - kR (Gain i n  dB) 
by l e t t i n g  kC = 75 and kg = 422.5, for which 
= -75 Vc(t)  - 422.5 GdB 
The gain cha rac te r i s t i c  i s  now matched t o  the MC1590F single-stage AGC 
ampl i f ie r ,  and the previous resu l t s  apply. 
The AGC loop gain (8) i s  
VR( vol  ts )xkC( dB/vol t) 
k L  = 













v, ( V o l t s )  
-5  
Figure 13. MC1590F Gain Character is t ic  
Reference [4] 
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and, therefore, dependent on the reference vol tage VR which as shown 
previously i s  re la ted  t o  the desired 4GC output D by VR = k,,D(t). 
desired i npu t  t o  the despreader i s  taken as -15 dBm. Hence, the i npu t  t o  
the four-way p w e r  d i v ide r  between the  AGC and despreader should be Q 
-9 dBm. Assuming a nominal 50 ohm impedance i n t o  the power d i v i d e r  the 
desired AGC output voltage should be approximately 0.08 vo l ts .  The AGC 
loop gain fo l lows, f o r  the  above p o i n t  design as 
The 
kL = 0.46 k,, ( i n  dB) 
Fo r  a la rge  value o f  loop gain the AGC loop bandwidth f o r  t h i s  AGC 
amp1 i f i  e r  becomes 
0.46 kD 
w =  
C T 
To complete the design example, assume kD = 90 dB and T = 1 sec, f o r  which 
AGC loop t o  change i t s  gain t o  w i t h i n  90% o f  i t s  f i n a l  value f o r  a step 
i npu t )  i s  
= 6.6 Hz. The AGC response t ime (def ined as the time required f o r  the 
fC 
- -  - 2n(6.6)tr 
= 0.1 T = e  
kL t 
e 
=> tr = 0.06 sec 
Pin Diode Attenuator. The contro l  vol tage Vc( t )  may also be used t o  contro l  
the inverse gain or attenuat ion o f  a p i n  diode and thereby augment the AGC 
dynamic range. 
var iab le  at tenuator as shown i n  Figure 14. The RF resistance R o f  the p i n  
diode var ies over a wide range w i th  b ias current  as shown i n  Figure 15. 
general the RF resistance i s  
Consider the use o f  a vol tage source t o  d r i ve  a p i n  diode 
I n  
R = KI- '  
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Figure 14. Pin Diode Attenuator 
! 
0.1 I I 1 L 
0.001 0.01 0.1 1 10 100 
FORWARD El& CURRENT - mA 
figure 15. RF Resistance Of Typical Microwave Pin  Diode Under Forward Bias 
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where K i s  a constant depending on the construction o f  the diode. 
I = the bias current 
x = a constant. 
A very good approximation to  the current emitted across the forw;rd-biased 
diode junction 
where Io i s  the leakage current 
q i s  the electron charge 
k is Boltzman's constant 
T is the diode junction temperature i n  degrees Kelvin 
kT/q i s  approximately 26 mV f o r  T = 300°K. Hence one can write 
-38.46Vc x 38.46V -X = K e 
CI 
IO 
R % K Do e 
From Figure 14, note that the r a t io  o f  the output t o  the i n p u t  voltage for  
the attenuator i s  
So the attenuation i s  
In terms o f  our previous relations the a t tenut ion  may be written 
Rs ,38.46VC1 X 
a = l T  0 
and 
RIox 
201oga = [(2010ge)38.46x]Vc + 2010g[-~-] 
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Hence, if 
kc = (201oge)38.46x 
and 
the resu l t i ng  at tenuat ion cha rac te r i s t i c  
i s  the form prev ious ly  assumed and the previous analysis techniques apply 
fo r  the ? i n  diode attenuator. 
One spec i f i c  device present ly under development by Aertech for the 
S-band corn i s  the 1H407 whose at tenuat ion cha rac te r i s t i c  i s  spec i f ied  as 
shown i n  Figure 16. The gain-voltage slope i s  
and the ord inate i n te rcep t  i s  kR = 80, hence the nominal a t tenuat ion 
cha rac te r i s t i c  f o r  the 1H407 p i n  diode at tenuat ion i s  
20 l o g  a =-8.125Vc + 80 
The design procedure may be continued by the prev ious ly  described methods. 
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0 1 2 3 4 5 6 7 8 
CONTROL VOLTAGE V, (VOLTS) 
Figure 16. Pin Diode Attenuation Spec Being Developed By Aertech for S-Band 
(Ref. B. Craig-TRU) 
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APPLNDIX B 
INTERMODULATION DISTORTION I N  THE 
KU-BAND SHUTTLE MODE 2 
RETURN L I N K  
9- 1 
The mode 2, three-drannel configuration, for the Ku-band Orbiter 
re turn l i r k  consists of unbalanced QPSK modulated on t o  an 8.5 ,Wr sub- 
czrrier which is colnbined w i t h  a 4.5 Mlt  analog signal and then FM 
modulated. A sketch of the spectral occupancy for this l i n k  is shown 
i n  Figure 1. 
Previous analysis (mf 1)  ?Js shown t h a t  for FIM-FH l inks inter- 
modulation dis tor t ion produced bv the FH modulator, RF transmission equip- 
ment and FY demodulator is significant.  This memo extends the analysis 
of reference'l to the signal structure of the mode 2 r e t u r n  l i n k  and 
presents a computer program to calculate  the IH dis tor t ion  f o r  t h i s  link. 
i &a yc U w k  a4 m 
Figure 1. Spectral Occupancy 
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Sumnary o f  Previous Analysis 
The analysis o f  reference 1 considers the e f fec ts  o f  the FM deviator,  
RF transmission path and the FM d iscr im ina tor .  Figure 2 shows the system 
t h a t  has been analyzed. 
FM Deviator. I t  was assumed t h a t  the output o f  t he  crzviator can be 
represented as a power ser ies  
where i(t) = Instantaneous angul ar-frequency v a r i a t i o n  from 
V ( t )  = I npu t  baseband signal  
",a3 = Nonl inezr a l lp l i tude cha rac te r i s t i cs  
c a r r i e r  a t  modulator output 
RF Transmission Path. The XF transmission path includes those 
components t h a t  make up the  t ransmi t te r ,  the channel and the receiver.  
These devices can generate intermodulat ion noise i n  two ways: phase 
d i s t o r t i o n  and AM-to-PM conversion. D is to r+ ion  ar ises  from devices i n  
the transmission path having amp1 i tude and phase character+ s t i  cs :?at are 
nonl inear funct ions o f  frequency. Tkese devices introduce ampi i tude 
modulation and phase modulation t o  the !IT s ignal .  The amplitude modula- 
t i o n  by i t s e l f  w i l l  no t  e f f e c t  the FY s ignal ,  ho\.rever i f  a device t h a t  
generates AM s followed by a device (such as a TMTA) t h a t  converts 
amp1itl;de var a t i o n  i n  the phase var ia t ions  the intermodulat ion noise w i l l  
be increased. This second source o f  d i s t o r t i o n  i s  re fe r red  t o  as AM-to. .q 
conversion. 
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Figure 2. FM Link 
The nonl inear transmission media are described by t r ans fe r  funct ions 
o f  the form 
-jB(w) 
H(u) = A(u) e 
where 
A ( w )  = 1 + g(a-wc) 
w 
2 = c a r r i e r  frequency 2n 
g = amplitude c o e f f i c i e n t  representing gain slope 
b2 = phase c o e f f i c i e n t  represent ing parabo l ic  phase d i s t o r t i o n  
b3 = phase c o e f f i c i e n t  representing cubic phase d i s t o r t i o n  
I f  the amplitude modulation introduced by a nonl ineai transmission medium 
i s  p ( t )  then the phase modulation a t  the output o f  the cmvers ion  device 
w i l l  inc lude a term eop(t) ,  where eo i s  the AM-to-PM conversion c o e f f i c i e n t .  
It i s  a l s o  assumed t h a t  the AM/PM converter does not  d i s t o r t  the i n p u t  AM, 
bu t  only scales i t  by a constant K. (Note: K=O f o r  a sa tura t ing  device.) 
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Following the analysis o f  reference 1 when d i s to r t ion  t o  distortion 
terms have been neglected the effect  of the t o t a l  RF transmission o a t h  
upon the phase of the i n p u t  signal i s  
2 
2(g1 b3 + g1 b3 + g1 b3) - 
d t 2  
4. t t  c c  r r d  %(t) = $ i t )  + [s '( t)]*ib; + b; + b i  - 
3 t  t t t  c t t t  
+ [$'(t)] !b3 + b i  + b i  + [eo g1 b3 + e& b3 k + g; b;] 
where the superscripts t ,c and r indicate transmitter, channel and receiver, 
respectively. 
Discriminator. Discriminators show curvature resulting from the 
nonlinear relationship betsJeen the incoming frequency modulation and the 
resulting amplitude modulation. This has been modeled by a power ser ier .  
where O ( t )  i s  the o u t p u t  voltage 
ci are constants 
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S u b s t i t u t i o n  of equat ion  1 into equat ion  3 and then i n t o  equat ion  4 
results i n  an ou tpu t  s i g n a l  
2 3 O(t )  = V(t)  + m2V ( t )  + m3V ( t )  
d d 2  -11- v Wl d2 + I h l  2h2 2' h3 d t  d t  ( 5 )  
+€hq + hg ( t ) I  + h ighe r  o r d e r  terms 
m2 = a + c2 2 
i3 = a + c3 3 
t c r  h l  = b2 + b2 + b2 
h2  = (gfb; + g > i  + g:bj) 
where 
3 t  t t t  3 t  t t t  3 c  c c c  = (-- b + g b ) e  + [ ( T  bg + g1b2)k + 7 b3 + 91b2165 h3 2 3 1 2  0 
c c  3 r r r  + [(7 3 t  b3 + g,b2 t t c t  ) k  k + (i b3' + g F 2  )k + 2 b f r  + 91b2 leo 
h 5  = ot gtbt + e: [gib3 tk t  + g>g: + 8; [gfb:ktkc + g1b3k c c c  + gfb';] 
hq = b3 t c  + b j  + b3 r
0 1 3  
Baseband Signal  Modal - 
Since  the mcde 2 return l i n k  baseband s igna l  structure differs from 
the frequency d i v i s i o n  mul t ip lex  s igna l  o i  reference 1 ,  we can no longer  
fo l low the a n a l y s i s  o f  reference 1 .  Ins tead  the baseband s igna l  w i l l  be 
;!I XI2 s igna l  i n  quadra ture  w i t h  a Bi-e-L s igna l  on an 8.5 YHz 
> L r j t .  'J t i g n a l  below 4 .2  !Wz (see Fig. 1 ) .  A model of a TV 
v 
i - _  r a n C s ( r e f  2)  w i l l  be used. 
8-6 
Thus the baseband s igna l  i s  
where xl(t) i s  the TV s igna l  
X,(t) i s  the NRZ s ignal  
x,(t) i s  the  Bi-6-L s ignal .  
Ca lcu la t ion  of Siqnal  D i s t o r t i o n  
The s igna l  d i s t o r t i o n  i s  t h a t  p a r t  o f  the au tocor re la t ion  o f  O( t )  
t h a t  i s  no t  s ignal  t h a t  i s  (as der ived i n  Attachment A ) :  
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+ (m2h2+hlhs-h3h4) ? +  d3 ( h  h -h h ) d4 3 5  2 4  2 
- (m3hl+hlh4+hlh5) z+ d3 h h d4 
3 5 2- h2h5 
where 
Attachment B. 
R i j ( 2 )  = E [ V i ( t + ~ ) V j ( t ) ] .  The R i j ( ~ ) ’ s  are evaluated in 
The power spectral dersity of the distortion i s  found by taking the 
Fourier Transform o f  the distortion, i . e . ,  
OD -2njfr 
(f) = j’ Distortion (T) e d i  
S~~~~ -Q) 
(7 )  
Since a computer will be used to  evaluate the intermodulation distortion, 
i t s  power spectral density will n o t  be evaluated explicitly, but  rather 
the transform will be performed on the computer. 
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Computer Program t o  Evaluate Equation 8 
Due t o  the complex signal structure of the mode 2 return l i n k  signal 
and the large number of terms required t o  evaluate equation 8,  a computer 
program was written. 
The program requires the fol lowing illputs RF bandwidth,  modulator/ 
demodulator noniinearities (m2 and m3 o f  equation 5 )  and RF transmission 
p a t h  characteristics (gl,b2,b3,eo and k o f  equation 5 ) .  The program accepts 
these i n  terms o f  degrees and d5 and normalizes them as required. The 
frequency deviation, 11 i 4 H t  for TV and 6 MHz fo r  the subcarrier has bee.1 
preprogramed. 
After accepting and normalizing inputs the various signals are 
generated and the autocorrelations of Attachment C are calculated. 
are combined t o  produce the R .  .(r)'s o f  Attachment B .  
i s  evaluated and a f a s t  Fourier transform i s  done t o  o b t a i n  the spectrum o f  
the intermodulation distortion. Throughout the calculations any correlation 
These 
Fina l ly ,  equation 7 
1J 
whose result  i s  identical t o  the signal i s  ignored, resulting i n  a worst 
case situation. 
The program calculates integrated signal-tp-intermodul a t i o n  ratios 
for both  the TV and d i g i t a l  signals and outputs these. The program also 
generates plots o f  the signal spectrum and the spectrum of the intermodula- 
t i o n .  A typical  i n p u t  sequence and the outputs  i t  generates ?re  shown i n  
Figures 3 and 4. 
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( a )  Typical I n p u t  
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Attachment A - Der ivat ion o f  Equation 7 
From equat ion 4 t he  au tocor re la t ion  of the output  s igna l  i s  ca lcu la ted  
bY 
+ E[(m2V2(t+~) + m3V 3 ( t + ~ ) ( { h ~ - 2 h ~  
Note t h a t  the terms i n  equation A . l  have been co l l ec ted  so t h a t  they 
represent s igna l -s igna l  , modul ator-modul a to r ,  nonl i n e a r i  ty-nonl  ini.ari t y  , 
modulator-nonl i n e a r i t y  and signal-(modulator t non l i nea r t t y )  cn * re la t i ons  
respec t ive ly  . 
B-12 
We will proceed by c a l c u l a t i n g  the pwer spectral dens i ty  f o r  each 
term of equat ion  4.1 i n d i v i d u a l l y ,  s u b s t i t u t i n g  f o r  V(t)  from equat ion  5 
as appropriate.  
power s p e c t r a l  densit;, of the d i s t o r t i o n .  
c o r r e l a t i o n  terms of  the form R . . ( T )  = E [ V i ( t + t ) V j ( t ) ]  are presented i n  
Attachment R. 
each of the t h r e e  signils w i t h  i t s e l f .  
F i n a l l y ,  these terms w i l l  be combined t o  o b t a i n  the  t o t a l  
The e v a l u a t i m  o f  the vdrious 
1J 
Attachment C presents the evaluat ion o f  the c o r r e l a t i r . .  of 
Modul ator-Nodul a t o r  Terms : 
The d i s t o r t i c n  term t h a t  r e s u l t s  from modulator-modulator c o r r e l c  'cions 
i n  equation A.l i s  
- Nonl i neari ty-Nonl i pearl t y  Terms : 
The nonl i n e a r i  ty-nonl i n e a r i  t y  d i s t o r t i o n s  are represented  by the 
t h i r d  term of equation A. 1 .  T h a t  i s  
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Using the fact that 
equation 8.3 be- 
+ C'h4 2 2 d2 + h5 2 d4 3 R 33 (r) 
d t  
Modulator-;\(onl ineari t y  Term: 
The fourth term of equation A. 1 represents the modulator-nonlinearity 
distortion term. Again using equation A.4 th is  term becomes 
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d2 R (T) 
+ v 3 2  22 + aP5 2 33 d2 
Signal - (klodul ator+Nonl i neari ty ) Term: 
The last tern o f  equation A.l is the signal-(modulator + nonlinearity) 
term. Carrying out the indicated multiplication and usins equation A.4 
yi el ds 
(4.7) 
Combining the various terms evaluated above equation A. 1 becomes 
E[g(t+?) o(t)] 2 ? , , ( r )  t SS(r) + :m(r) + !jn(t) + ;.l?l(r) + s:j(t) 
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d3 d4 + (m h +h h -h !I ) - +  i h  h -h h ) - 3 2  1 5  3 4  dt3 3 5 2 4 d t 4  
+ d d2 
+ (m2h4-m$i,) + (m h +h h -h h ) 2 5  3 4  1 4  dt 
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Attachment B - Calculation of Autocorrelation - R, ,(T) 
This attachment calculates the autocorrelation terms 

















S i m i  1 a r l y  
8-8: R 3 * ( ~ )  
= E [V3( t+~)  V 2 (t)] R3*b 1 
3 3 
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8-9: R 2 3 ( ~ )  
S i m i  larly , 
R23(~) = ECV2(t+r) V 3 ( t ) ]  
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m w  
--Lp-V 
Attachment C - Calculat ion o f  Cor re la t ion  Functions f o r  Each Signal - R i ( ~ )  
This appendix calculates the c o r r e l a t i o n  func t ions  f o r  each o f  t h e  
three signals. The terms evaluated were used ir, the ca lcu la t ions  o f  
Attachment B. 
TV Signal - Channel 3 
The t e l e v i s i o n  s igna l ,  x l ( t )  has been modeled by a zero mean gaussian 
random process as described i n  reference 2. We def ine  
and ca l  cul ated h igher  order c o r r e l a t i o n  funct ions us4 ng the moment 
f a c t o r i n g  property of gaussi an random processes (reference 3 ) .  
= 6 R 1 ( ~ ) 2  + 9 R,(T) R1(0) 
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Digital Signal - NRZ - Chsnnel 2 
The NRZ signal consists of a series o f  pulses o f  duration T of 
level +1 or -1. 
sequence of these pulses will have equal numbers o f  plus and minus ones 
this signal has zero mean. The autocorrelation function of the NRZ signal 
is  shown pictorially in Figure C-lb. 
functions used in Attachment 8 are 
( A  single time pulse is  shown in C-la.) Since a long 
In addition, the other correlation 
Digital S igna l  - Bi-5-L - Channel 3 
As with the NRZ signal the Bi-8-L signal and i t s  correlation 
functions are best described pictorially. Those correlation functions 
used in Attachment B are shown in Figure C-2. 
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